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Abstract
S a lts  of the  b is ( } i- th io s u lp h a to -S ) -b ls (d in lt ro s y lfe r ra te ) (2 -)  a n io n , 
[Fe2 (S 2 0 g )2 (N 0 )^]^" can be prepared by the reaction of iron(ll)/thiosulphate mixtures with
nitrite ion. The crystal structure of {(PhgP)2 N }2 [ Fe2 (S 2 0 g )2 (N O )^ ] reveals it to adopt a 
trans structure. N n.m.r. studies of this salt also show it to adopt the trans structure in 
solution. The anion reacts with thiolate ion, RS', to provide good yields of Fe2 (8 R )2 (N 0 )^;
e.p.r. studies show the mononitrosyl [Fe{N0 )(S R )3 ]^ ' to be a major intermediate in this 
reaction.
Salts of the Black Roussin ion, [Fe^S3 (N 0 )y]" react with aryldiazonlum salts, ArN2 ‘*' , 
to produce Fe2 (SAr)2 (N 0 )^. n.m.r. studies of Fe2 (SCgH^F)2 (N 0 )^ reveal it to exist in a
1:1 ratio of cis and trans isomers. Reaction of the Black anion with trialkylsulphonium or 
sulphoxonium salts leads to the m etathesis product. The crystal structure of 
M e3 S[Fe^S 3 (N 0 )y] shows no evidence for the closure of the iron-sulphur cage by the sulphur
of the MegS cation. Reaction of the Black anion with trialkyloxonium salts provides good yields
of Fe2 (S R )2 (N O )4 .
Electrochemical studies on Fe2 (S R )2 (N O )4  by conventional cyclic voltammetry shows 
two chemically and electrochemically reversible one electron reductions to produce 
[Fe2 (S R )2 (N O )4 ]’ and [Fe2 (S R )2 (N O )4 l^ '. The monoanion is a paramagnetic complex with
g« 1.995; coupling to four equivalent nitrogens shows the presence of a delocalised electron. The 
electrochemical behaviour of the dianion is dependent on the electrode material; reversible on a 
glassy carbon electrode but quasl-reversible on platinum. Fe2 (SR)2 (NO ) 4  also exhibits a three 
electron oxidation; the anodic current of which increases in the presence of primary amines.
Electrochemical studies on the Black Roussin ion and its selenium analogue 
[F e 4 S e 3 (N 0 )y ] ' show similar electrochemical responses; three reversible one electron 
reductions and an irreversible multielectron oxidation.
Extended Hückel molecular orbital calculations on [Fe2 S 2 (N O )4 ]^ ‘ , Fe2 (S M e)2 (N O )4  
and [Fe2 {S2 0 3 )2 (N 0 )4 l^ ‘ reveal little direct Fe-Fe Interaction in these complexes. Reduction
or oxidation would result in the addition or removal of electron density from orbitals of mainly 
Fe-S character.
An electrochemical study of Fe(N O )(S 2 C N R 2 ) 2  by cyclic voltammetry shows a
reversible one electron reduction and an irreversible oxidation in tetrahydrofuran and 
dichloromethane. In acetonitrile the reduction of the complex is coupled to a chemical step 
making the reduction chemically irreversible at low scan rates. The observed variation of E® 
with R is due to the inductive effect of R.
Summary
Chapter one of this thesis is an introduction to some of the chemistry 
associated with iron-sulphur-nitrosyi complexes. It is by no means an 
exhaustive account, merely a melange of the interesting chemistry of 
these fascinating compounds and also of some related complexes. Chapter 
two deals with the molecular orbitals and bonding associated with iron 
dimers of the type Fe2B2(NO)4 where B=S, SMe, S2O3. Chapter three 
contains a study of the synthesis, structure and chemistry of the newly 
characterised thiosulphato dianion, [Fe2(S203)2(NO)4]^". This chapter also 
contains an examination of some of the reactions of Roussin's Black Anion, 
[ F e 4 S 3 ( N O ) y ] “ , which have a degree of relevance to the biological
formation of Fe2(SMe)2(NO)4 .  Chapter four contains a study of the 
electrochemistry of the Roussin Esters, Fe2(SR)2 (N0)4 and of both 
Roussin's Red and Black Anions. A cursory look at the reactions of 
Fe2(SR)2(NO)4 with amines is also reported. Chapter five contains a study
of the electrochemistry of the mononitrosyl complexes Fe(NO)(S2CNR2)2 
and some related complexes.
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Chapter One
An Introduction to the Chemistry of the 
Roussinate Complexes
Introduction
In 1858 an eminent French chemist by the name of Z. F. Roussin, produced the salts of 
two iron-sulphur-nitrosyl complexes. These were named the Black salt and the Red salt [1], 
the former of which was the first truly polynuclear iron-nitrosyl cluster. The actual 
stoichiometries of these two clusters were worked out by Pavel 24 years later; 
M '[Fe4 S 3 {N O )7 ] and M2 '[Fe2 S 2 (N O )4 ] for the Black and Red salts respectively [2]. Pavel
also produced the so-called Ethyl Ester of Roussin's Red salt, Fe2 (S E t)2 (N O )4 , by the
alkylation of the Red salt. The actual structures of the two salts were unknown. The structure 
of the Ethyl Ester was considered to be dimeric due to a molecular weight determination [3], 
and the groups were considered to be tetrahedrally arranged around the iron atoms. 
Application of the effective atomic number rule to this cluster required the presence of an 
iron-iron bond; this was used as evidence to explain the observed diamagnetism [4].
The Red salt was logically assumed to have a structure similar to Fe2 (S E t)2 (N O }4 .
However the structure of the Black salt was more of a mystery. A core structure similar to the 
structure of ferrous sulphide was suggested [5], or one involving bridging nitrosyl ligands 
[6 ]. One hundred years after Roussin first prepared his complexes, the structures of
F e 2 (S E t)2 (N 0 ) 4  [7] and Cs[Fe4 S 3 (N 0 )y] [8 ] were determined by X-ray crystallography.
These structures are shown on the title page of chapter two of this thesis. In 1982, the 
structure of a Red salt was finally determined [9]. The assumption that the structure of 
Fe2 (SEt)2 (NO )4  was analogous to this dianion was proven to be a valid one.
Metal nitrosyl chemistry was until recently {ca.1970) less well developed than metal 
carbonyl chemistry, mainly because of the letter's involvement in organic synthesis and the 
lack of industrial significance of the former. However because of a recent increase in the 
importance of metal-sulphur complexes, mainly due to the involvement of such complexes in 
biology (see below), but also in heterogeneous catalysis [1 0 ] and also in aspects of
superconductivity [1 1 ,12 ] and because of a concomitant increase in the importance of metai 
nitrosyl chemistry [13,14], a modicum of interest has been shown towards the Roussinate and 
Rousslnate-like complexes [15, 16, 17, 18]. Moreover the discovery that the Methyl Ester of 
Roussin's Red salt, Fe2 (S M e)2 (N O )4  has a possible role in the extremely high incidence of
oesophageal cancer in an area of China [20], has spurred on research into this area. It has also 
recently come to light that the body's own hypotensive agent, known as the Endothelial Derived 
Relaxing Factor, is nitric oxide, NO [2 1 ]. This has led to research into the possibility of 
designing drugs capable of NO delivery in vivo .
The bioinorganic chemistry of Iron-nitrosyls is not without precedent. The  
nitroprusslde ion, [Fe(CN)gNO]^" has long been recognised as a hypotensive agent [2 2 ],
although the possible side-effect of cyanide poisoning has its drawbacks. Roussin's Black salt 
itself has been used as an effective disinfectant of drinking water [23] and acts against 
Clostridium  species [23a]. The Black salt has also been shown to be an effective inhibitor of 
alcohol dehydrogenase [24].
1-1 A Note on Bioinorganic Chemistry
Bioinorganic chemistry as a discipline has only recently (within the past 25 years)
reached a maturity within the scientific community at large. It is an area of science that î
borders on the traditional subjects of biology, chemistry and physics. As such major advances 
in this area are obtained through the collaboration of scientists from different fields. The two 
main participants in this field are the inorganic chemists and the enzyme biochemists. Until 
recently direct collaboration rarely existed between the two fields, and advances came about 
through individual groups basing work on the discoveries made in the other fields. In general 
the biologists attempt to understand the workings of a metalloprotein or metalioenzyme ij
through for instance gene mapping, deletion studies and protein crystallography; the chemists
attempt to understand the biology by attempting to chemically mimic the active site(s) of the 
enzyme. If the model works in a similar fashion to the enzyme,ie it is a true analogue, then a 
direct comparison to the structure of the active site of the enzyme may be made. For example, 
in the study of reversible dioxygen carriers, the biologists had already shown the presence of 
the haem group in myoglobin for instance [25], the chemists attempted to recreate the active 
site of the enzyme using the picket-fence models [26]. These models were never truly 
satisfactory, but the chemistry done in preparing them opened up new avenues of research.
Another example comes from the search for analogues of the non-haem iron proteins and this
particular area of research Is used here as a model study in the methods of bioinorganic 
chemistry.
In 1972, Lippard, Zubieta and Lewis published some work on an iron thioxanthato 
complex, which was proposed as a possible model for the actual site of the ferrodoxin proteins 
[27]. The electrochemistry of this material was similar to that of the natural enzymes. Now 
although Lippard's study was based on sound biological evidence [28, and references therein], 
it was in error; these materials were not analogues of the iron-sulphur proteins. However, 
the electrochemical results did have a direct relevance to the study of iron-sulphur proteins; 
it showed that the normal redox potential of the Fe(ill)/Fe(ll) couple was markedly stabilised 
by sulphur ligands and that groups attached to the sulphurs can alter the observed reduction 
potentials, as had been found with the enzymes [29]. Once the crystal structures of these 
proteins were solved [30], chemical research moved to produce such materials. The work of 
Holm and coworkers is particularly significant in this area [31]. The work done on 
iron-sulphur clusters has now been extended to the problems associated with the nitrogen 
fixing enzyme, nitrogenase.
For a substance to be an analogue of a metalioenzyme it must have similar spectroscopic 
and chemical properties to the actual enzyme, else it becomes another model. The 
iron-sulphur clusters produced as models for the enzymes have proven to be very good 
analogues. In the work of Holm the denatured apoprotein of a metalioenzyme was taken and 
mixed with a synthetic analogue of the active site [32]. On reconstituting the enzyme's 
structure, full activity was restored.
Once such an analogue has been prepared, the reason for its chemistry is sought; an 
understanding of what an analogue can achieve reflects on the enzyme itself. With 
iron-sulphur analogues, electrochemistry has proven to be a powerful tool in the elucidation 
of reactivity [33]. These iron-suiphur clusters can 'soak' up from one to four electrons and 
release them without undergoing fragmentation, hence the reasoning behind the idea of 
jfon-sulphur enzymes acting as electron sinks or reservoirs. With the analogues, the effect of 
groups attached to the metai affects the reduction potentials observed [33]. This has helped to 
explain the wide range of potentials observed for the natural enzymes.
Molecular orbital calculations have attempted to explain these observations from a 
theoretical point of view. Although at present crude, theoretical calculations have proven 
useful in explaining or predicting observable phenomena. For instance using molecular orbital
calculations, Norman [34, 35, 36] has given evidence that the antiferromagnetism observed 
In the two iron ferrodoxins [37] is due to superexchange and not due to Fe-Fe overlap, and 
that the main bonding Interactions are concentrated in the Fe-S bonds.
The study with which this theses was ultimately concerned with was the role of 
nitrosylated iron-sulphur clusters in the formation/promotion of oesophageal cancer. As such 
the study of iron-sulphur proteins has a direct relevance to this study.
1-2  The g=2.03 complexes
In 1965 McDonald and coworkers [38] discovered that if NO(g) was bubbled through 
ferrous ion solutions containing an additional coordinating ligand, such as phosphate, 
molybdate, alkyl mercaptans or cysteine, then paramagnetic complexes were obtained with g 
values In the range 2.02 to 2.04. Hyperfine coupling to associated ligands Indicated the 
presence of two nitrosyl ligands and two other groups, probably arranged In a tetrahedral 
manner around iron, ie [Fe(NO)2 X 2 ]y‘ . It is interesting to note that the use of penicillamine
gave rise to two paramagnetic species, one was identified as [Fe(NO)2 (penicillam ine)2 ]^ ' 
g=2.032, the other was apparently a mononitrosyl with g=2.04, A^"^N=13.8G.
The importance and relevance of this work to the carcinogenic state was obvious when 
species with g~2.03 were found in rats following the administration of specific chemical 
carcinogens [39, 40]. If experimental animals were maintained on a diet supplemented by 
sodium nitrite and ferrous sulphate only, then a species with g=2.03 was observed and 
tentatively identified as a [Fe(NO )2 X 2 ]y ' complex. Thus iron-nitrosyl complexes were 
shown to have an association with the carcinogenic state.
1-3 Oesophageal Cancer and Iron-Nitrosyl Complexes
In 1980, the results of an epidemiological study of the geographical variation in the 
occurrence of various forms of cancer throughout China was published [42]. It showed, 
amongst other things, that a very high, but very localised, incidence of oesophageal cancer was
present in the Linxian valley of the Henan province in Northern China. The incidence of cancer 
was as high as one in four of the aduit population.
A team of scientists investigated every aspect of life in this rural area. A variety of 
probable causes was arrived at; the local water supply had high levels of nitrite and nitrate, 
the soil had low concentrations of molybdenum and a mold which contaminated local foodstuffs 
was shown to be a producer of nitrosamines in the presence of nitrite. However one 
peculiarity of this area was the method of preserving vegetables. These were pickled in the 
local water for up to four weeks before consumption. An analysis of the pickled vegetables by 
gas chromatography/mass-spectroscopy revealed the presence of the Methyl Ester of 
Roussin's Red salt, Fe2 (S M e )2 (N O )4  [20,43]. Never before had this cluster been found in
nature. This unusual finding was followed up by an investigation of its carcinogenic 
properties. The complex did not by itself show mutagenic behaviour, rather it promoted the 
action of known carcinogens [44, 45]. It was assumed that the complex can somehow donate 
'NO' in some form to secondary amines with the subsequent formation of N-nitrosamlnes.
N-nitrosamines are known potent carcinogens [46]. They act in vivo as alkylating 
agents. For instance dimethylnitrosoamine, (CH3 )2 N-N0 , undergoes oxidation by cytochrome
P450 to yield N -hydroxym ethyl-N -m ethylnitrosam ine. This spontaneously loses 
formaldehyde, generating methyldiazohydroxlde. This latter compound is the primary 
carcinogen, it acts through the loss of dinitrogen, generating an alkylating agent. Alkylation of 
DNA occurs most often at the O® site of a guanine residue [46]; this causes a mismatch in a 
C-G base pair. On replication a G-G base pair transforms into a T-A base pair. This mutation 
may result in the generation of a carcinogenic state, see figure 1-1. The effect of ionising 
radiation is similar; the radiation produces a large amount of reactive ions capable of 
alkylating DNA, and replication of the damaged DNA may lead to the possibility of cancer.
Roussin's Black salt as mentioned earlier is an effective antiseptic agent against 
Clostridium. Similarly, nitrite is an inhibitor of Clostridium  and S alm onella  bacteria [47] 
and is used widely as a meat preservative. If nitrite, cysteine and ferrous sulphate are 
autoclaved together, Roussin's Black anion is formed [23a]. The reaction of nitrite on 
Roussin's Black salt produced a g~2.03 species [48]. it has also been shown that in the 
presence of thiolate ions the Black salt reacts to give the paramagnetic complexes 
[F e (N O )2 ( S R ) 2 ]"- If is possible that this type of dinitrosyl-monoiron-paramagnetic 
complex may be responsible for the observed inhibition of Clostridium, and in view of the
association of the g=2.03 with the carcinogenic state, it is not too unreasonable to suspect that 
such a species is involved In the promotion of the oesophageal cancer described above.
Figure 1-1,
Chemical Alkylation of DNA
H
Methyladon  ^ /
Sugar' || H . Sugar ]]Y T N-G , )
IL
H Sugar H , Sugar
first replication
second replication SugarT : A
G' : T
T '" - N
H Sugar
1 -4 NO as a Ligand
The molecular orbital energy diagram of nitric oxide, NO, is shown in figure 2-1, page
24. A lone electron occupies a %* antibonding orbital. NO can function as an electron donor, 
forming NO^; the ionisation potential for this process is low « 9.5 eV mol“  ^ [49]. It can also 
accept an electron to form NO". Attached to a metal, the nitrosyl ligand forms M-N-O bonds 
rather than M-O-N. The bonding modes observed for metal nitrosyls are (i), terminal linear 
M-NO groups, (ii) bridging NO groups and (iii) bent terminal M-NO groups. The linearity or 
non-linearity of terminal M-NO groups has been the subject of much debate and it was normal 
to consider the former as being derived from NO'*' and the latter from NO" [13]. The reasons
7
for this argument can be found from an examination of the molecular orbitals of NO2 . As N0 2 "^  
a linear molecule was predicted, as NO2 " a bent molecule with a lone pair on an sp^-type of 
orbital situated on the nitrogen atom was predicted [14].
As a ligand N 0 +  is isoelectronic with CO, C N ' and N2 , suggesting a degree of stability. 
The bonding modes of NO^ are very similar to CO. For instance NO is found as a terminal linear 
group in the complexes Fe2 ( S R ) 2 (N O ) 4  which has its carbonyl counterpart in
Fe2 (SR)2 (CO)g. As a bridging ligand NO"  ^ has been found capable of forming doubly and triply 
bridging systems; for instance the compound {[M n(CgHg)}g(p2 -NO )g(p.2 -NO)} has both 
types present [50].
NO can be considered to be a three electron donor; one electron Is donated to the metal to 
form NO^ which then donates a lone pair. The unfilled jt* orbitals, like those of CO, can be 
used in back bonding, the metal donating electron density back into the ligand. Due to this 
phenomenon, NO’*’ helps to stabilise metals in low oxidation states in a similar manner to CO.
The charge on NO’*’ can be easily observed from the change In overall charge of the 
following complexes; K2 [Fe(CN)gN 0 ], Kg[Fe(CN)gCO], K4 [Fe(CN)gCN]. The three electron 
donating capability of NO can be observed by the replacement of CO by NO in the following 
complexes, Ni(C0 )4 , Co(NO)(CO)g, Fe(NO)2 (C O )2 - All these complexes obey the 18 electron 
rule, the extra electron coming from the nitrosyl ligand [6 ].
The extent of back bonding from the metal to the NO ligand can be observed from the 
nitrosyl stretching frequency; for NO itself this occurs at 1840 cm"^, for NO'*’ salts the 
stretching frequency occurs between 2150 and 2 4 0 0 c m "\ In the complex [Ru(CN)gNO]^"
the stretching frequency is at 19 2 7 c m "\ and for Fe(NO){S2 C N R 2 )2  ~ 16 9 3 c m " \ The back 
bonding is greater in the latter complex.
The bending of an M-NO group has been examined by Enemark and Feltham [14]. For 
instance the complex Co(NO)(S2 CNM e2 )2  has been shown to have a bent M-NO group with an
angle of 138° [73]. The complex Fe(NO )(S2 C N Et2 )2  which has one electron fewer than the 
cobalt complex has a linear M-NO group. The electron in the iron-nitrosyl complex is found
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primarily in a dz^ metal orbital which stabilises a linear nitrosyl, whereas in the cobalt 
complex the electrons have been shown to be probably present in an orbital favouring the 
bending of the M-NO group. The reason for the bending or non-bending of the group is seen not 
as a consequence of NO^ versus NO" but as a subtle interplay of orbital energies [14].
Quite often in dinitrosyl complexes supposedly linear M-NO groups are found to deviate 
markedly from 180°. Probable reasons for this have been put forward by Enemark [14] and 
Hoffmann [61], and is further examined in chapter-2  of this thesis.
1-5 Some Reactions of Metal-Nitrosyl Complexes
Bottomiey proposed that if a metal nitrosyl had i/(N O ) >1886 cm"^ then it would be 
susceptible to nucleophilic attack at the nitrogen by such nucleophiles as hydroxide ion, 
alkoxides and amines [52]. For instance nitroprusside ion, [Fe(C N )gN O ]^" has
v (N O )= 1 9 3 8  cm"^ and is attacked by amines and thiolates. The copper(ll) nitrosyl halides 
react with alcohols, secondary amines and ammonia to give alkylnitrites, N-nitrosamines and 
dinitrogen respectively [53]. In a reaction with primary amines a diazo intermediate was 
formulated with which the copper was intimately involved during the denitrogenation reaction.
From Bottomley's arguments complexes with a low v  (NO) ought to be susceptible to 
attack by electrophiles. Electrophilic attack on metal nitrosyls has been considered to proceed 
via the prior formation of a bent M-NO group, making the nitrogen more susceptible to attack 
[13]. The oxygenation of [Co(NO)(en)2 ]'*' in the presence of electron donors such as pyridine,
acetonitrile or phosphites leads to complexes such as [Co(N0 2 )(en)2 (NCMe)]^'*'. It is often 
observed that oxygenation reactions produce the nitrate or nitro/nitrito species. For instance 
the nitrosyl dimer [Fe(NO)2 CI]2  in the presence of hexamethylphosphorictriamide (HMPA) 
gives an unstable complex which on oxidation by dioxygen produces the nitrate complex 
F e (N 0 3 )C l2 {HM PA ).1 /2 HMPA [54].
The chemistry of the Roussin salts and the dimeric esters of Roussin's Red salt has been 
investigated mainly by the Glidewell and coworkers [55 and references therein]. A major part 
of the observed chemistry of these complexes involves the production of monomeric 
paramagnetic iron complexes such as [Fe(NO)2 (SR )2 ]", ie the g=2.03 species. It was found
that in the presence of thiolates or sulphide ion the complexes Fe2 (S R ) 2 ( N 0 )^ ,
M '[Fe4 S3 (N O )7 l, and Fe4 S 4 (N O )4  ail fragment to produce these monomeric iron complexes
[48]. Similarly the chemistry of Fe2 l2 (N 0 ) 4 , used by Rauchfuss and Weatherill in a
preparative route to Fe2 (S R )2 (N O )4  complexes [56], has been shown by Hyde to proceed
through similar g=2.03 species [57]. According to Bottomiey since these clusters have l/(N O )  
lower than the threshold value given then these should not react with nucleophiles. However, 
the attack by thiolate is not seen as an attack at the nitrogen but rather the attack of a 
nucleophile on the Iron.
Addition of ^ ^ N 0 2 " to a solution containing [Fe(^ ^ N 0 ) 2 ( S R ) 2 ]" caused the 
replacement of the e.p.r. signal from the latter complex with one due to [Fe(^®NO)2 (S R )2 ]'.
This suggests that the NO ligand is quite labile and the conversion was suggested to go through 
the 'W  intermediate shown below (figure 1 -2 ). The fluxionallty of the complex 
[F e (N 0 )2 (N 0 2 )2 r  also highly suggestive of the formation of such an intermediate [59].
The lability of the NO ligand in these complexes has relevance to the tumorigenic promoting 
properties of the Methyl Ester of Roussin's Red salt.
Figure 1-2
O
/?  *N02 ' L^Fe— NL^FeNO -----------------^  L,Fe— N ------------------------------\
* N ^
L^Fe'NO
O
>
o
NO,- 0
An interesting aspect of the chemistry of the Iron dinitrosyl groups is the ease with 
which [Fe(N 0 )2 ]’*' can be converted into [Fe(NO)]^ ie a d^ to d^ conversion. This 
conversion proceeds readily in the presence of a chelating ligand such as the
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dialkyldithiocarbamate ligands or even with the tetrathiomolybdate ion. Both these ligands 
produce square pyramidal complexes with the nitrosyl ligand in the apical position [61], The 
reverse conversion is also quite facile. The cubic cluster Fe4 S 4 (N O )4  has all of its irons in 
the d^ configuration. In the presence of thiolate ions, this cluster fragments to give the e.p.r. 
spectrum of [Fe(NO)2 (SR )2 ]'. The species [Fe(N0 )(SR)3 ]‘ has also been observed, but this
decays with time producing a stronger signal from [Fe(NO)2 (S R )2 ]' [48].
1-6 Electrochemical and Theoretical Studies of Some Iron-Sulphur Clusters
Since many of the metal-nitrosyl complexes contain NO'*' it would seem reasonable to
suspect that the reduction of such complexes would result in the production of -NO". Such 
reductions could produce complexes with labile NO ligands. This viewpoint may be valid for 
mononitrosyl, mononuclear complexes, but not for complexes of higher nuclearity. In these 
'clusters' the HOMO/LUMO are regarded as being primarily due to metal-metal interactions 
and so a reduction of such a cluster would be expected to affect only the M-M interaction [63].
The reduction of [Fe(CN)gNO]^" leads to the production of [Fe(CN)gNO]^" described
as containing Fe(ll) and -NO" [13]. This complex is labile and loses a CN“ ligand to give the
square pyramidal complex [Fe(C N )4 N 0 ]^ ',  which has the nitrosyl ligand in the apical
position. Calculations had predicted, however, a trigonal bipyramidal structure with the 
nitrosyl in the equatorial position [64].
The complex [Fe(NO)(S2 C N R 2 )2 l" (R=CN or GF3 ) undergoes a one electron reduction
to give the dianion. The reduction potential of which is dependent on the attached sulphur 
ligands. Thus the LU MO is not solely associated with the nitrosyl ligand [13]. The view that the
reduction of an M-NO'*' complex leads to an M-NO" complex is obviously a rather simplified 
view.
Multiple reductions of simple mononitrosyl mononuclear complexes often leads to the 
disruption of the complex, and in general the lower the nuclearity of a complex the more prone 
it is to fragmentation/loss of attached ligands on reduction or oxidation. In an impressive 
review of the electrochemistry of metal sulphur complexes by Zanello, this viewpoint is
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borne out [62]. The cluster Fe3 S 2 (C 0 )g (an Fe3 S 2  core) undergoes two well defined one 
electron reductions, the more negative of which is chemically irreversible. An examination of 
a cluster with a higher nuclearity such as Fe4 S 4 (CgHg )4  (an Fe^S^ core) reveals a plethora 
of redox processes, with four well defined one electron steps being recorded. It is worth noting 
here that the cluster Fe2 S 2 (C O )g  which has a similar structure to part of Fe3 S 2 (C O )g
(missing the ti2 "F e (C 0 ) 3  ligand) shows two irreversible one electron processes [65]. 
However since the chemical reduction produces the known and stable complex 
[Fe2 S 2 (C 0 )g]^" the observed irreversibility may be due to the use of a platinum working 
electrode.
As described earlier in section 1-2, iron-sulphur proteins can be thought of as being 
electron sinks or reservoirs. The work devoted to the electrochemical examination of the 
[Fe^S^] clusters is far more abundant than that devoted to any other type of metal-sulphur
core. The electron changes of these analogues of the iron-sulphur proteins can be related to the 
oxidation/reduction potentials of the 4Fe4S ferredoxins and high potential iron proteins.
[Fe 4 S 4 ( S R ) 4 ) 3 -= = = =  ^ 8 4 8 4 ( 8 0 ) 4 1 2 ------------  [ 0 8 4 8 4 ( 8 0 ) 4 1 1 -
Fd (reduced) ===== Fd (oxidised)
HPIP (reduced) ==== HPiP (oxidised)
A large amount of data is available on the structural changes that occur to the 
iron-sulphur cores that accompany redox changes of these clusters [62].
The observed electrochemistry of the clusters closely mimics that of the natural 
enzymes. However most of the electrochemical studies were done in non-aqueous systems and 
as a consequence most of the reduction potentials observed were too negative (about 0.5 V too 
low). When electrochemical studies were performed on clusters soluble in water the reduction 
potentials were found to be in the same range as for the enzymes. The differences between the 
aqueous and non-aqueous environments was seen as a consequence of hydrogen bonding and the 
different dielectric constants of the solvent systems. Some of the most interesting studies were 
done in aqueous micellar solutions. This was an attempt to recreate the biological environment 
of the enzyme and such studies were consistent with the results obtained for the natural 
complexes [62].
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An examination of the electrochemistry of Fe^S^(NO)^ by Dahl et al, revealed two well 
defined one electron reductions, giving the anion and dianion [66 ]. Relative to the reduction 
potentials observed for Fe^S4 (CgHg)^ the effect of the N 0+  ligand Is seen as making the
reduction easier to perform. Although Enemark and Feltham described M-NO chemistry as 
being predominantly nitrosyl centred perturbed by associated ligands [14], the 
electrochemistry of nitrosyl clusters of high nuclearity Is seen as the effect of a metal core 
perturbed by all associated ligands. The electrochemistry of Fe^ (N 0 )^ S 2 (N C M e 2 )2 , a
similar cluster to the cubic one described above has been reported to give four one electron 
reductions [62].
The similarities of the [Fe^S^] cores for a variety of clusters led Dahl and coworkers to 
develop a qualitative molecular orbital bonding model for all clusters of this type [67]. 
According to the model for a cluster of type [M4 (p.3 S)^X^]'^^contalnlng a metal of the first
transition series to a first approximation the strong metal-llgand Interactions can be 
considered separate from the weak metal-metal Interactions. Thus the 3d, 4s and 4p orbitals 
of the four metal atoms combine to give (a^+ 2 e + 2 t^ + 3 t2 ), (a -j+ a 2 ) and (a .j+ e + t-|+ t2 )
orbitals respectively. Under T^ symmetry twelve of the metal 3d orbitals give rise to six 
bonding (a ^ + e + t2 ) and six antibonding orbitals (t^+t2 ), the eight remaining are M-M 
non-bonding (e-|+t-j+t2 ), but these orbitals Interact with the attached ligands, the nature of 
this Interaction determines the final ordering of the orbitals. Using the crystal structures of a 
variety of [Fe^S^] core containing clusters In a variety of oxidation states Dahl was able to
give theoretical evidence for the structural changes that take place using this theoretical 
model.
Using the above model on Fe^S^(N O )^ leads to the following electronic structure, 
(e .|+ t-j+ t2 )^® (a -j+ e + t2 )^^ Addition of an electron Into the cluster will populate
a t orbital leading to a Jahn-teller distortion. According to the model this should lead to a Dgj 
distortion. The crystal structure of the mono reduced complex Is indeed tetragonal D2j  [66 ].
The carbonyl complex F e^ S ^ (C O ) . | 2  a direct analogue of Fe^S ^(N O )^  has been 
prepared and structurally characterised [6 8 ]. The above molecular orbital scheme was
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applied and led to the electronic structure (a ^ + e + t2 )^^ (t^+ t2 )^^ (e^ +t^ + t2 ), le all the 
M-M bonding and antibonding levels are filled. This is In agreement with the large Fe-Fe 
distances obtained from the crystal structure. The dIanion [F e^S ^(C 0)^2]^  has also been
characterised, but was found to have fragmented to produce a cluster with two Fe2 S 2  units 
linked by an S-S bridge. Population of the (e^+t^-Ht2 ) orbitals which are predominantly M-L  
antibonding has fragmented the cluster.
The structure of Roussln's Black anion, [Fe^Sg(NO)y]" can be considered as a defective 
Fe^S^ core. The Dahl molecular orbital scheme can be used here with the obvious changes 
from Td to CgV symmetry. The Black anion has one unique Iron, Fe(l) and three Irons of
Fe(-I), giving a total of 34 core electrons. This leads to a total of three bonding orbitals which 
are considered to have an electron pair shared between the apical Iron and the three basal 
Irons. Reduction of this cluster should therefore lead to an increase in the Fe-Fe distances and 
also to the possibility of fragmentation of the core. It has been noted that the oxidation of the 
complex leads to fragmentation; chemical oxidation releasing NO(g) [1]. This observation Is In 
accordance with the loss of bonding electron density. The reduction of the analogous selenium 
complex N H ^ [F e ^ S e g (N O )y ] has been shown to exhibit two well defined one electron
reductions [69]. The structures of the monoanlon [70] and the dianlon [69] agree well with 
the Ideas of adding electrons into antibonding orbitals. In chapter-4 of this thesis the 
electrochemistry of both M '[Fe^Sg(NO )y] and M'[Fe^Se3 (N 0 )y] are reported; the observed 
electrochemistry fits well with expectations from theory.
The electrochemistry of the metal dimers Fe2 (S R )2 (N 0 )^ Is Investigated In chapter-4.
As discussed earlier, the lower the nuclearity of a cluster the simpler Its electrochemistry 
tends to be with the possibility of disruption of the complex, in many cases the reductive
chemistry of complexes of the type M2 ( | i2 ' ^ ) 2 ( ^ " ^ ) 4  M2 (P 2 "® )2 ^ ^ ‘^ ) 6  ’ where
B=brldglng ligand and Tm= terminal, has been considered to be associated with the breaking of 
an M-M bond. The HOMO/LUMO of such complexes has been reported to be mainly associated 
with the M-M interaction [63].
The reduction of Fe2 S 2 (C 0 )g produces [Fe2 S 2 (CO)g]^" [71]. The reduction Is seen as
the breaking of an S-S bond, and It Is reported that the Irons are hardly affected by the 
reduction. This suggests that In this case the LUMO Is primarily concentrated on the sulphurs.
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The reduction of the complex Fe2 (N O )^(p-PPh2 )2  has been regarded as the loss of an
Fe-Fe bond [72]. However if a hydride donor is used to achieve reduction then a terminal 
nitrosyl ligand is shifted into a bridging position. The nitrosyl bridging dianlon, 
[F e (N O )2 (R -NO )(p.-PPh2 )F e (N O )(P P h 2 ) Is thermodynamically unstable and rearranges
above -7 0 ^ 0  to [Fe2 (N 0 )^ (ti-P P h 2 )]^". This Is seen as evidence that the LUMO of this
cluster is not entirely Fe-Fe centered and that subtle differences to the ligands can cause a 
dramatic effect on orbital stabilities.
The presence of an Fe-Fe bond in a d^ complex of the type M2 (ti-B )2 (Tm)^ has been
the subject of an Investigation by Summerville and Hoffmann [61]. However, the answer given 
to the question "do these clusters contain a M-M bond", was "maybe there Is, but perhaps 
not." The examination of the Fe2 S 2  core structure in the 2Fe2S ferredoxins by Norman [34] 
concluded that there was no real Fe-Fe Interaction and that the main bonding was via the Fe-S 
bonds. The core In the clusters Fe2 (S R ) 2 (N O ) 4  Is similar to the core In the 2Fe2S
ferrodoxins. Calculations performed In chapter two of this theses on these nitrosyl clusters 
suggests a similar conclusion and that the observed diamagnetism In these clusters Is also due 
to superexchange and not due to a direct Fe-Fe Interaction.
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Chapter Two
The Extended Hückel Examination of the Bonding in 
Roussin's Red dianion, the Esters of Roussin's Red salt 
and Roussin's Black anion. 
Introduction
The alkyl esters of Roussin’s Red salt, Fe2 (S R ) 2 (N O )^ ,  Roussin's Red salt, 
[Fe2 S 2 (N 0 )^]^",and the newly characterised thiosulphato complex [Fe2 (S 2 0 g)2 (N 0 )^ ]^ "^ 
(see chapt-3), have all been shown to exhibit approximately the same electrochemical 
behaviour (see chapt-4). The methyl ester, Fe2 (S M e )2 (N O }4  has been implicated as a
possible factor in the occurrence of oesophageal cancer in the Henan province of China, formed 
most probably by the action of nitrite on natural iron-sulphur enzymes. Knowledge of how 
these iron-sulphur-nitrosyl clusters act under redox conditions is of great interest since it is 
presently thought that the methyl ester is oxidised to an Iron-nitrosyl species which acts as a 
nitrosyl donor towards amines with the subsequent formation of N-nitrosamines; known 
potent carcinogens.
Molecular Orbital calculations used as part of an overall examination of the chemistry of a 
compound can lead to explanations of observed phenomena and can also be used predictively. 
Such calculations are, however, prone to many approximations making the data obtained of a 
qualitative nature, especially when used for heavy atoms such as iron and other metals. When 
used by itself, with no back up from other experimental observations, then criticism of the 
technique may be just, but used as part of an overall examination then molecular orbital 
calculations become as much a tool to the chemist as is n.m.r. or I.R. spectroscopy.
In this chapter the molecular orbitals of the iron sulphur dimers, [Fe2 S 2 (N O )4 ]^", 
Fe2 (S M e)2 (N O )4 , and [Fe2 (S2 0 g)2 (N 0 ) 4 ]^" were examined using the Extended Hückel 
method [4,5]. The tetrameric cluster [Fe4 S g (N 0 )y]" was also examined by the same 
technique. Although such calculations have been performed on the Red dianion and
2 1
F e 2 (S H )2 (N O )4  [1], the HOMO and LUMO were described as being Fe-Fe bonding and
antibonding respectively. An examination of the calculation revealed that there was very little 
interaction between the two iron atoms, because of this the orbitals of these clusters were 
examined more closely using the method outlined in the experimental section.
Experimental
Bonding in Roussin's Red Salt
The methodology used in determining the bonding involved with Roussin's Red Salt was a 
sort of synthon-disconection approach, that is to say the bonding of parts of the whole are 
examined in order to understand that whole. The geometry used was obtained from the X-ray 
structure of Fe2 (S C H 2 C H g)2 (N O )4  [2 ] by the removal of the alkyl groups and standardising
the bond angles and lengths such that D2 h symmetry was obtained. The complex was split into
the following fragments; N 0 + . [Fe(N O )2 l+ . [F e g f" , [ S g f -  [F e 2 (N O )4 ]2 +. [Fe2 S 2 l®‘ , 
(with and without sulphur d-orbital participation). The bonding involved in each fragment 
was determined and its relationship to the other fragments as the cluster was 'rebuilt' 
examined. Finally the bonding in [Fe2 S 2 (N O )4 ]^" was examined on the basis of the previous 
calculations.
Bonding in Fe2 (SM e)2 (NO )4
Again the X-ray structure of Fe2 (S C H 2 CHg)2 (N 0 ) 4  [2 ] was used in the calculation of the
molecular orbitals of this cluster. The end methyl groups were removed and a hydrogen placed 
on the C-C vector at an appropriate distance for a C-H bond. The geometry manipulations
which were carried out were done by moving the methyl group at an angle (+ /- )0  to the plane
of the Fe2 S 2  core while leaving all other bond angles and lengths untouched,(ie, a constrained
geometry optimisation). The coordinate positions of the atoms of the methyl groups were 
calculated using the normal methods of linear algebra.
Bonding in [Fe2 (S 2 0 g)2 (N 0 )4 ]^"
The X-ray structure of (PNP )2  [F e 2 (S 2 0 3 )2 (N O )4 ] was obtained from crystals grown 
in this laboratory. The atomic coordinates obtained for the dianlon were used without
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alteration in this study of the molecular orbitals. The geometry manipulations carried out on 
this cluster were done by moving the sulphite groups relative to the Fe2 Sg plane as done for
Fe2 (S M e)2 (N O )4 . The effect of bridge geometry was examined by constraining the geometry
such that the angles and distances of the Fe(NO )2  fragments were untouched and that the Fe-S
distances were unchanged; the calculations were solely based on the effect of changing the 
Fe-Fe distance and therefore the S-Fe-S angle.
Bonding in [Fe4 S 3 (N 0 )y]"
The molecular orbitals of Roussin's Black anion were examined using the data from the 
X-ray of Chu and Dahl [3]. No changes were made to the original structure, and bond lengths 
and angles are as for the crystal structure.
Calculations
Extended Hückel Molecular Orbital Calculations (EHT) [4,5] based on the above 
geometries, used atomic parameters available from the literature [6,7,8]. The calculations 
were performed on a VAX 11/785 computer.
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Results and Discussion
2 - 1
Bonding in Nitric Oxide, NO
I)
Nitric oxide as a ligand has been described at length in chapter one and apart from a brief 
description of its molecular orbitals little is added here. The molecular orbital energy diagram
for NO is given in figure 2-1. The cfg and orbitals of NO are low lying occurring at -35.5
and -2 2  ev respectively. The degenerate orbitals and the d  g orbital lie at -16 and
-14.7ev respectively. The degenerate n* orbitals occur at -11.2 ev and contain a single
electron; giving the molecule its observed paramagnetism. In N 0 +  the d g  orbital will be the
HOMO. This n  acceptor ligand operates as such a ligand because of these empty %* orbitals, 
orbitals which are of comparable energy to many metal d-orbitals, hence its success as a 
ligand for metals in low oxidation states.
Figure 2-1
Molecular orbital Energy Diagram of NO
N
TT
NO
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2 - 2
Bonding in dinitrosyliron(-l), [Fe(N 0 )2 ]'*'
The fragment [Fe(N0 )2 l ‘^  derived from Roussin's Red Salt was examined by EHT using the
same coordinate system as that used for the parent complex. The molecular orbital energy 
diagram, figure 2-2, graphically portrays the results of the calculations. The lowest levels,
d g , are unchanged from those of NO. The d ^  levels have been stabilised by an average of 0.53
ev relative to NO. This is a direct consequence of metal d-orbitals of the correct symmetry
mixing, in a bonding arrangement, with the d ^  orbitals of NO of a similar symmetry, figure
2-3a. The a, b, g or u notation used to label the orbitals is explained in Appendix-1 .
3-1 + +
Figure 2-3a d 4 Orbitals
The TT-j levels lie lower in energy than the d g .  However there is no significant
stabilisation of these levels compared to the equivalent orbitals found with NO, although slight 
mixing with the d-orbitals has occurred (fig 2-3b). Orbital 1a^ is of interest, it is a mix of
dx^-y^ and dz^ resulting in an increased amount of electron density in the Z and Y direction 
but lower in the X. This results in a "round the corner" bonding arrangement. This form of 
hybridisation we have termed Fe dx^-y^/dz^-(Y). The slight stabilisation involved in these 
orbitals can be correlated with a d-orbital involvement of between 2  and 8 %. Since the Z 
axis-Fe-NO angle is 5 8 ° and not 4 5 °, dyz becomes bonding (orbital 1b^). At the latter angle 
the d orbital would lie in the node of the n  orbital of NO.
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Figure 2-2
Molecular Orbital Energy diagram of [Fe(NO)2 ]+
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Figure 2-3b 
7Ci levels
The <^5 levels have become more stable than the corresponding level in NO by an average
of 0.9 ev (fig 2~3c). There is an average of 1 2 % electron density on the iron for each level. 
Although with orbital 2a^ , the p-orbital of the nitrogen points towards the node of the metal
orbital and as such we would expect no net bonding, a mixing of metal s-orbital character into 
the metal d-orbital results in the net bonding overlap.
2a 2b
Figure 2-3c 
<? slevels
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Mixing of the metal d-orbitals with the empty n* orbitals of NO results in a stabilisation 
of energy ranging from 2.1 to 0.9 ev. There are four NO n* group orbitals but five metal 
d-orbitals, hence one level is non bonding. Of the four bonding metal orbitals, three have been 
stabilised relative to a parameterlsed value of -12.700 ev,{fig 2-3d). The lone electron is 
localised in the 3b-j (Fe dyz-NO n*) orbital. Orbital 3a^ is similar to that already observed
in the "round the corner" bonding arrangement (orbital la -j) . The non-bonding level, 4a^, is
also a dx^-y^/dz^ hybrid, however in this case there is Increased electron density along the 
X-axis where no ligand lies, this level we have termed Fe dx^-y^/dz^-(X ). The 
HOMO, orbital 3b^, contains 35% of available electron density situated on the iron, the LUMO
which is the antibonding orbital of orbital 2b£ contains 33% of available electron density on 
iron, the non-bonding orbital 95%.
2a
2b
f
Figure 2-3d 
Fe-7i;*N0 orbitals
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The simplest polynitrosyl species is M (NO)2 - In a linear geometry it has the symmetry 
D^h, in a bent geometry it has C2 V symmetry. The correlation diagram given by Enemark and
Feltham [9] fits very well with the results of these calculations. The ordering of the orbitals 
found here fits well with that predicted by these workers.The one electron orbital scheme put 
forward by Enemark and Feltham predicts a C 2 V symmetry for the {M (N0 )2 }® species, 
however in the {M(NO}}^° species the electrons would be placed in a non-bonding orbital (of 
b-j symmetry) with respect to the metal, and antibonding with respect to N and O. They predict
that the N-M-N angle should increase from the 90° value. The [Fe(N0 )2 ]^ fragment from 
Roussin's Red dianion is an {M (N 0 )2 }^ species and the N-M-N angle is 116°, this is in
accordance with the above prediction. As the angle increases from 90° the non-bonding orbital 
will become bonding as the nitrosyl ligands achieve a net bonding interaction with the metal as 
shown in figure 2-3d,(orbital 3b^). Thus further addition of electrons to this orbital will
cause the N-M-N angle to increase more. However these workers also predict that the oxygens 
of the hitrosyls should bend away from each other as the angle widens, but the crystal 
structure [10] of the Red dianlon shows the nitrosyls bending towards each other .
The bending of supposedly linear M-N-O in an M(NO>2 fragment has been examined In 
detail by Enemark [9] and also by Hoffmann[11]. According to Enemark if the electrons 
populate an a^ or b2  orbital then the bending of the oxygens towards each other will stabilise
the orbital; in an a2  or b  ^ orbital a decrease in stability is proposed if the nitrosyls bend 
towards each other. Examination of the relevant orbitals in figure 2-3d show this idea. The 
polymeric complex {Co(NO)2 l)n » for example, has a N-Co-N angle of 118° and a Co-N -0
angle of 170° bending towards each other [12], In the complex [(PhgP)2 R h (N 0 ) 2 ]^ a 
Rh-N-O angle of 159° bending away from each other is observed [13]. The actual structure of 
[^ °2 ^ 2 (^ ^ )4 ^ ^  shows an N-Fe-N angle of 113° and an F e -N -0  angle of 165° bending 
towards each other[10 ].
Hoffmann puts forward the view that the N-M-N angle is a consequence of the number of 
electrons on the metal and the n accepting properties of the ligand. However the explanation 
put forward by Hoffmann to explain the M-N-O bending contradicts that of Enemark. From 
Hoffmann's work an orbital of b  ^ symmetry will be stabilised if the nitrosyls bend towards
each other, and an a  ^ orbital will be stabilised  if the nitrosyls bend away  from one another. 
This explanation is based on the overlap of a lone pair on the nitrogen increasing or decreasing
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the antibonding overlap with the central metal atom. From his calculations which way the 
nitrosyls will bend is strongly dependent on the N-M-N angle.
The structure of [Fe2 (S 2 0 g)2 (N 0 )^]^" shows that the Fe-N-O fragments bend towards 
each other, the F e -N -0  angle is 1 7 0 °, with a N-Fe-N angle of 118 ° (see chapter-3). 
Calculations on [CoH2 (N O )2 ]" at a N-M-N angle of 120° predict an M-N-O angle of 174° 
bending towards each other[11]. At greater N-M-N angles the nitrosyls begin to bend away I  
from each other. The similarity of the geometry of the M-NO for [Fe2 (S 2 0 g)2 (N 0 )^]^" to
the geometry predicted by Hoffmann for a similar N-M-N angle suggests the validity of 
Hoffmann's ideas, however since in this case the fragments are very different it would be 
difficult to separate the effect predicted by Hoffmann to that of Enemark.
The real effect may be a mix of the two ideas. At a low N-M-N angle there is greater 
possibility of overlap between the nitrosyls and a stabilisation of the a-j and b2  orbitals wouid
occur, destabilising a2  and b^. At large N-M-N angles there will be little overlap between the 
nitrosyls and the effect of the lone pair on nitrogen would be the dominant effect again 
stabilising the a^ and b2  orbitals. This does suggest that the a2  and b-j orbitals will only be at 
greatest stability at intermediate N-M-N angles.
2 - 3
Bonding in di-iron(-l), [Fe2 ]^ “
The Fe-Fe distance of the parent complex is 2.72Â. When two irons each with a negative 
charge are brought together at this distance the d-orbitals are split from their parameterlsed 
value of -12.700 eV, and range from -13.3 to -12.2 eV, (fig 2-4). From an examination of 
the overlap only 0.18 of an electron Is shared between the two irons. [Fe2 ]^ ' is however
more stable than two isolated iron anions by 108 KJmoF^. An Fe-Fe bond strength of 
156+/- 25 KJmol"^ is reported for the neutral [14]. The dz^ orbitals Interact the most via
a direct (if somewhat weak) 0  bond (orbital la '^g ) followed by the dxz and dyz which are
involved in a 7t bonding arrangement (orbitals 1 b ' a n d  1b'2 u respectively). The dx^-y^
and the dxy are 9 bonded (orbitals 2 a'^g and 1a*2 g respectively), but these 'interactions' are W
insignificant and best regarded as non-bonding.
This calculation leads to a form al bond order of one (one antibonding orbital is left
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unfilled), and a weak bond Is shown to exist by virtue of a dz^ cf -bond. The theoretical 
reduction of this system would lead to the loss of iron-iron bonding, by populating the last 
unfilled orbital, leading to the instability of the couple. In the same vein it can be appreciated 
that oxidation would increase the bond order and stabilise the molecule. The HOMO/LUMO gap 
is so small that if the species was ever produced it would probably exist as a triplet. From this 
simple examination of the interaction between the two irons at this distance it appears that 
there is little significant overlap between the two.
Figure 2-4
Molecular Orbital Energy Diagram of [Fe2 l^"
s-orbitals-orbital
d-orbitals
Fe [ f e - F e f - Fe
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2 - 4
Bonding in Bis{dinltrosyliron(-l)), [Fo2 (N O )^]^ '*'
Removal of two sulphurs from the parent complex leaves the iron-nitrosyl frame, 
[Fe2 (NO)^]^^. The bonding in this fragment was examined by an EHT calculation. The results
were examined from the point of view of bringing up two [Fe(N0 )2 ]‘*‘ units to an Fe-Fe
distance of 2.72Â, as found in the parent complex. Figure 2-5, gives the orbital energy 
diagram for the uppermost levels of this fragment.
As expected the lowest four orbitals (not shown in fig. 2-5) are the NO O'3  orbitals , and 
no significant changes are observed relative to the same orbitals of [Fe(N0 )2 ]’^ . The O^, tc-|,
and the Og levels are similarly unaffected by the presence of the Fe-Fe interaction, reflecting
the weakness of this interaction on these orbitals. The remaining levels up to -8  ev are the 
7t*N 0 -Fe bonding and the ji*NO -Fe antibonding orbitals. Within each of these two groupings 
the metals themselves are either bonding or antibonding with respect to each other. The 
following discussion concerns the 7c*N0 -Fe bonding orbitals and the antibonding/bonding 
arguments refer to the Fe-Fe interaction only.
The changes that are observed for IFe2 (N O )4 ]^'^ relative to the [Fe(N0 )2 ]^ fragm ent
are primarily due to the metal-metal interaction. Those orbitals with a Z component will be 
affected the most ie, the dz^.dxz and the dyz. While the dxy and dx^-y^ will change little, 
these being more or less non-bonding in the Fe2 ^‘ fragment. In fact the dxy bonding and 
antibonding orbitals were changed by only +/-0.04ev relative to the similar orbital in 
[F e (N 0 ) 2 ]^ . Thus these are non-bonding orbitals when considering the iron-iron
interaction, although on the other hand they are important orbitals in connection with the 
metal bonding to NO. The dx^-y^ orbitals are more affected by the Fe-Fe interaction. In this 
case we have to take into account not only the effect of Fe-Fe but also the way the orbital 
interacts with the nitrosyls, for as we saw in the case of [Fe(N0 )2 ]'^  this orbital becomes 
mixed with dz^ to give d x^-y^ /d z^ -(X ) and dx^-y^ /dz^ -(Y ). The dx^-y^ non-bond ing  
orbitals, of a'.jg symmetry interact with the z^ orbitals leading to an increased interaction 
between the two irons than that due to dx^-y^ alone.
The most stable d-orbital in [Fe(NO)2 ]^ with a bonding configuration to 7c*N0  was the
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Figure 2-5
Molecular Orbital Energy Diagram of [Fe2 (NO)4 ] '^^
LUMO
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dxy (orbital 2 3 2 ); with [Fe2 ( N O ) 4 ]^*^ it is the hybrid orbital d x ^ -y ^ /d z ^ - (Y )
(orbital la '^ g ). The effect of dz^ In a bonding arrangement with the other Iron has lowered
the energy past the dxy,(orbital 1 a'2 g) conversely orbital is its antibonding
counterpart and is destabilised in energy relative to the dxy*(orbital 1a"2u). The 1b'2u 
orbital is bonding dxz, again stabilised relative to the monoiron fragment because of a 
favourable Fe-Fe interaction. Orbital 1b"2g is its destabilised antibonding counterpart.
Orbitals 2a'^g and 2a"^ ^ are the non-bonding orbitals with respect to the Fe-NO  
interactions, but due to the presence of dz^ these levels have become split from their 
{F e (N 0 )2 ] ‘*‘ value (as explained above). These arè formally the dx^-y^/dz^-(X) bonding
and antibonding orbitals. Orbital 2a"^^ is the HOMO and orbital 1b"-jg is the LUMO and is the
dyz antibonding orbital. The next group of orbitals are the metal d-orbitals in an antibonding 
configuration with the NO ligands ie, the 7c*NO-Fe antibonding orbitals and need not concern 
us.
It can be reasoned that the oxidation of this fragment would yield a more stable molecule, 
increasing the bond order of the hypothetical fragment. Reduction would fully populate the 
Fe-Fe antibonding orbitals and fragmentation would be expected. On the basis of which orbitals 
have their corresponding antibonding orbitals filled, we can see that the net bonding 
contribution is from the dyz orbitals, ie a 31 Fe-Fe interaction.
Table 2-1 gives an indication of the Fe-Fe involvement in theafore-mentioned orbitals by 
comparing their energies with the energy of similar orbitals for [Fe(N0 )2 l ’^ .
Table 2-1
Level Bonding(eV)(a) Antibonding(eV)(a)
d x 2 -y 2 /d z 2 - (Y )  - 0 . 3 2  + 0 .2 3
dxy - 0 .0 4  + 0 .0 4
dxz - 0 .2 7  + 0 .2 4
d x 2 .y 2 /d z 2 _ (X )  - 0 .0 8  + 0 .0 9
dyz -0.23 +0.19
2+
orbital of [Fe(N0 )2 ]‘'‘ in electron volts.
; '.L
9' •
y ,  •
(a) The difference in energy between the orbital for [Fe2(N 0)4 ]^+  and the similar
-
■ ■ ■■
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This table follows the trends obtained from an examination of Fe2 ^“ and it also suggests
that the d x 2 -y 2 /d z 2 -(Y ) orbital has significantly more dz^ character than does
d x 2 . y 2 / d z 2 - ( X ) .
2 - 5
Bonding in 8 2 ^"
When two S^" ions alone are brought together at the S-S distance (2.85 Â)observed in 
the complex [Fe2 S 2 (N O )4 ]2 “, from the E.H.T. calculation we find very little interaction
between the sulphur ions. The energy of the low lying sulphur s-orbitals are unchanged 
from their parameterlsed value of -2 0 .0  eV.Similarly the py and pz orbitals change little 
from their parameterlsed value. The px orbitals are affected slightly by this geometry;
these orbitals point towards each other, giving rise to weak O’ -bonding and O -antibonding 
molecular orbitals. Since all available orbitals are filled a bonding order of zero is obtained, 
thus there is no stabilisation of this fragment relative to two isolated sulphur ions.These 
levels are shown on the right hand side of the molecular orbital energy diagram for 
[F e 2 S 2 ]®". figure 2 -6 .
2 - 6
Bonding in [Fe2 S 2 ]®'
The core of Roussins Red Salt was examined by the EHT calculation. One calculation 
ignored the effect of the unfilled and high lying sulphur d-orbitals, the other took their 
presence into account. The low lying sulphur s-orbitals have been stabilised relative to 
S2 ^'by an average of 0.54 ev, mainly due to an interaction with metal 4s and metal dx^-y^
orbitals. The remaining six orbitals of the 8 2 ^ ' group give twelve ligand orbitals for
interaction with the two irons. Thus the availability of ten metal orbitals requires four 
non-bonding levels to be present.
The molecular orbital energy diagram for this fragment is given in figure 2-6. The 
diagram has been constructed by considering the effect of bringing two sulphide ions towards 
the [Fe2 ]^“ unit already examined, such that the geometry of the [Fe2 S 2 ]^" core of the 
parent complex is achieved.
The orbital with the lowest energy shown in the diagram is the 1a"  ^  ^ orbital. This
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Figure 2-6
Molecular Orbital Energy Diagram of [F0 2 S2 ]®' (no sulphur d-orbitals)
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Figure 2-7
Molecular Orbital Energy Diagram of [Fe2 S2 ]®" {with sulphur d-orbitals)
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orbital Is a hybrid of metal dx^-y^ and dz^ in an antibonding configuration with respect 
to the irons. This orbital is similar to the non-bonding orbital encountered during the 
examination of [Fe(N 0)2]^ . The mixing Involved Increases the electron density along the
x-axis, increasing the overlap with sulphur p^ orbitals, figure 2-8a. The orbital has a 4 {
centred 2-electron bonding arrangement arranged in a square. The electron density is 
approximately equally shared between the sulphur and iron atoms.
The metal contribution of orbital 1a'^g is mainly metal dz^ character with only a little 
dx^-y2  mixed in. The interaction with sulphur Py is shown in figure 2-8b. Again the 
bonding interaction is via the sulphurs and not due to any direct Fe-Fe bond. The next few 
orbitals, 1b'2u 1 b"2 g are Fe-S bonding orbitals with the weak Fe-Fe interaction either
bonding or antibonding. Orbital 2a’-|g is the Fe-S antibonding orbital of 1a'^g. With this 
orbital the Fe-Fe interaction is bonding, but as observed in [Fe2 ]^" this bonding is weak.
The presence of the sulphur orbitals in an antibonding arrangement relative to the irons is 
the main bonding interaction and hence this orbitals destabilisation relative to the orbital in 
[ f e z f - .
Figure 2-8a Figure 2-8b
X
orbital 1 a \ g  
Orbital 1a"iu
Orbital 1a"2u the first of the four non-bonding orbitals (with respect to sulphur).
Examination of this orbital reveals that the sulphur p orbitals will always be non-bonding 
and that only a 3 interaction with sulphur would lead to a bonding interaction; thus no change 
from the similar orbital of [Fe2 ]^ '. Orbitals S^'^g and 2a"^^ are also non-bonding. Orbital
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3a '-|g, however has a little sulphur-p mixed in, in an antibonding interaction to the irons 
and so has raised the energy of this orbital relative to that of [Fe2 l^ ‘ . Orbital 2a"-j  ^ has a 
metal dz^ mixed in with the metal orbital in an antibonding manner and hence is also 
destabilised relative to [Fe2 ]^". The other non-bonding orbital, 1 b"  ^g is similar to 1a"2y 
in that it would require a 9 interaction from the sulphurs to obtain a bonding arrangement. 
The other levels depicted in figure 2-6, 2b'-j y to 1b'2y are the other Fe-S antibonding
counterparts of the orbitals already described. The HOMO and LUMO are depicted in figure 
2-9. The gap between these two orbitals is O.SeV.
Figure 2-9
X
HOMO, orbital 3a"iu LUMO, orbital 2b'2u
Oxidation of this fragment would increase the bonding order and strengthen the Fe-S 
bonds. Reduction would fill all the available orbitals and a net bonding order of zero would 
result; fragmentation of the cluster on reduction would be expected.
The important point of this calculation is that the primary bonding of the core is nfil due 
to Fe-Fe interactions but due to Fe-S bonds; this had been expected on the basis of the 
results obtained from the calculation on [Fe2 l^ '. From the charge distribution calculated
for the LUMO, 69% of the charge is on iron with the rest on sulphur. The addition of an 
electron to this orbital would be expected to give a radical with an electron delocalised over 
both the irons and the sulphurs and not solely on the irons.
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The Effect of Sulphur-d Orbitals on the Molecular Orbitals of [Fe2 S 2 ]^"
Since the sulphur d-orbitals are unoccupied and are high lying (-8.0eV), they are not 
often entered into a calculation. In Summerville's work [11], the effect of the unfilled 
d-orbitals of the bridging ligands were ignored. However these orbitals can interact with 
orbitals of similar symmetry giving rise to more stable orbitals. For instance the 
non-bonding orbital 1 a"2 u would be expected to interact with sulphur d-orbitals of an
appropriate symmetry giving rise to a 9 bonding Interaction, and so stabilising the orbital. 
The molecular orbital energy diagram for this calculation is given in figure 2-7 (page 37). 
In all cases the orbitals have been stabilised relative to the energies of similar orbitals 
obtained from the previous calculation where no sulphur-d orbitals were used. The expected 
stabilisation of the 1a"2u orbital was observed. The other non-bonding orbital Ib ^ g  is
stabilised slightly by the sulphur dyz orbitals. The most interesting change is the effect that 
the sulphur-d orbitals have had on the HOMO and LUMO. The HOMO has been stabilised 
slightly by the mixing of sulphur dxz, which is bonding towards the metals. The LUMO has 
been significantly stabilised (by O.SSeV) and now sits 0.07eV above the HOMO. This orbital 
now has a large amount of sulphur dz^ and dx^-y^ (in a bonding arrangement with the 
irons) mixed in with the sulphur Py orbitals.
From this calculation the distribution of the charge on the LUMO is 53% on the irons 
and 47%  on the sulphurs. The calculation shows that an added electron to produce 
I^® 2^2l^  will be equally shared between the iron and the sulphur atoms. In many actual
systems containing metal dimers, reduction is presumed to populate an orbital which is 
predominantly M-M antibonding. In this hypothetical case the LUMO is actually M-M  
bonding, and the HOMO which is supposed to be M-M bonding Is actually found to be M-M 
antibonding in this case.
2 - 7
Molecular Orbitals of Roussin’s Red Dianion, [Fe2 S 2 (NO)^]^"
With the calculation on [Fe(NO )2 l ‘*' we observed four metal orbitals involved with 
M-jc*NO bonding, and one non-bonding orbital. The metal orbital responsible for the latter 
level was the hybrid dx^-y^Zdz^-(X) (orbital 4a-|, fig 2-2 and fig 2-3d) containing 95%
of the orbital electron density on the metal. Examination of [Fe2 (N O )^ ]^^ , showed the 
effect of the Fe-Fe interaction. The original non-bonding level was split into a
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d x^ -y^ /d z2 -(X ) bonding orbital (relative to Fe-Fe) and a dx^-y^Zdz^-(X) antibonding 
orbital (orbitals 2a'^ g and 2a"^ y of figure 2-5) with 92 and 97% of the orbital electron
density on the irons respectively. The other hybrid dx^-y^Zdz^-(Y) was significantly 
altered by the Fe-Fe interaction.
When we considered [Fe2 S 2 ]®', the most stabilised orbital is an Fe-Fe antibonding 
orbital; the dx^-y^Zdz^-(X) (orbital 1a"^ y, figure 2-6), we also found two non-bonding 
levels dx^-y^Zdz^-(Y) in an Fe-Fe bonding and antibonding arrangement with 91 and 99%  
orbital electron density on the irons respectively. On combining the 8 2 ^ ' fragment to the
bis dinitrosyldilron fragment to obtain the geometry of the full parent complex, we should 
expect the most significant changes to be with these non-bonding dx^-y^Zdz^-(X) levels.
An examination of the first six orbitals of [Fe2 S 2 l^“ shown in figure 2-6 relative to 
the first six of [Fe2 S 2 (N 0 )^]^" shown in figure 2 -1 0  reveals the same order of orbitals 
with the energies of these orbitals being only slightly changed relative to the energy of the 
sulphur Py orbital. All the other orbitals except one have been stabilised relative to the
similar orbitals of [Fe2 S 2 ]®“ due to the stabilising effect of the nitrosyl ligands. For 
instance the orbital 1a"2 y, which is non-bonding with respect to sulphur, is more stable in 
[F e2 S 2 (N O )4 ]^" with respect to ^ 0 2 8 2 ]®' by about 0.6eV due to its enhanced stability 
through the interaction with the nitrosyl ligands, of the non-bonding orbital in 
[F e (N 0 ) 2 ]+ .
In the paper by Feltham and Enemark [9] they discussed the bonding of metal nitrosyls 
in terms of an M-NO interaction perturbed by the other attached ligands. For all but one of 
the orbitals shown in figure 2 -1 0 , this argument appears valid; the energies of the 
Fe-ji:*NO orbitals of the [Fe(NO)2 ]2 '^*" fragment ais. perturbed slightly by the presence of 
the bridging sulphurs. An examination of the relative energies for all the orbitals of 
[F e 2 (N 0 )^ ]^+, [Fe2 8 2 ]®‘ and [Fe2 ^ 2 ( ^ ^ ) 4 ]^ reveals that the only major difference to 
the orbitals of the latter complex relative to similar orbitals for the two former ones 
occurs at the Fe-m*NO bonding levels, all other orbitals are relatively unchanged. However 
the H O M O -LUM O  gap observed in figure 2-5 ([Fe2 ( N 0 )^]^"'') and figure 2-6
{[Fe2 S 2 ]®']) is quite small. In the case of [Fe2 8 2 (N 0 )^]^" the gap between the HOMO and 
LUMO is large, 1.7eV. The LUMO is an Fe-7i*N 0  antibonding orbital. The 'missing' orbital of
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Figure 2-10
Molecular Orbital Energy Diagram of [Fe2 8 2 (N0 )^]^" (without sulphur d-orbitals)
Dz^*/Dx^-v^*(X) 
-Dyz.
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3b 2g
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[Fe2 (N O )4 ]2+ [Fe2S2(NO)4]2+ [8 2 ]^
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Figure 2-11
Molecular Orbital Energy Diagram of [Fe2S2(N0)^]^" (with sulphur d-orbitals)
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[F6 2 (N O )4 ]2+ IFe2S2(NO)4]2+ ISg]6 -
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a " iu  symmetry (orbital 3a"^ ^ of [^ © 2 ^ 2 3 ^ ') located within the Fe-7c*N0  
antibonding orbitals.
The reason for the large gap is not solely because this orbital has been raised in energy 
(increased by +0.9eV relative to lFe2 S 2 l®") but also due to the filled orbitals being
stabilised by favourable bonding interactions with the jc*NO orbitals. The a"^y orbital was
observed to be formally non-bonding with respect to the nitrosyl ligands, but slight 
admixtures of tc*NO electron density into this orbital raised its energy relative to the 
parameterised -12.7eV of Fe. In [Fe2 S 2 ]^“ this orbital interacted strongly with sulphur
p^ orbitals to give the square bonding orbital depicted in figure 2-8 . With 
[Fe2 S 2 (N O )4 l^", due to the slight mixing of tc*NO, the antibonding character of orbital 
3 a"-j y has been increased, hence the Increased energy difference between the HOMO and 
LUMO observed.
The effect of using sulphur d-orbitals in the calculation has had the same effect found 
from the examination of their use on the calculation of lFe2 ^ 2 l^ • stabilisation of the
orbitals is shown in figure 2-11. The HOMO-LUMO gap has also become slightly smaller 
(-1.4eV). Table 2-2 gives the percentage orbital electron density on the iron and sulphur 
atoms for the HOMO, LUMO and LUMO+1, and compares the differences between the 
calculation using d-orbitals and the one without.
Table 2-2
Table 2 -2  The percentage orbital electron density on Fe and S in [Fe2 S2 (N O )4 ]^"
The interesting aspect shown in Table 2-2 is that in all three cases where sulphur 
d-orbitals are taken into account, there is more electron density on the sulphurs than on the
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Orbital
% Electron Density 
No S d-orbitals used
% Electron Density 
S d-orbitals used
HOMO Fe 1 2 1 5
S 1 9 31
LUMO Fe 3 9 2 6 i
S 1 1 2 8
Î;
LUMO +1 Fe 6 2 4 0 1
S 2 2 5 8 i
irons. The HOMO and LUMO both have a large amount of electron density on the nitrosyl
ligands. The LUMO+1 orbital has, when sulphur d-orbitals are taken into account, hardly
any interaction with the nitrosyl ligands.
The calculation of the molecular orbitals of [Fe2 S2 (N O )4 ]^~ explains why the complex
is diamagnetic; a large difference in energy between the HOMO and LUMO. The calculation 
also suggests that on the addition of an electron an Fe-rc^NO antibonding orbital will be 
populated. Thus a bonding order of 1 will still be present and the complex will not 
necessarily fragment. If the electron entered this 3 b"2 g orbital then it would be expected to
interact with the four equivalent nitrogen atoms. If it were to enter the 3a"^ ^ orbital then
there would be no interaction with the nitrogens. In both cases the complete delocalisation of 
the electron would be expected. The exchange of the electron occurring via the sulphur 
bridges and not via the weak Fe-Fe interaction.
The LUMO observed for this complex being an Fe-7c*N0  antibonding orbital could be used 
as a plausible explanation of the reductive chemistry of Fe2 (P P h 2 )2 (N 0 ) 4  observed by
Wojcicki [14]. On reduction of this complex with LiB(Et)3 H a terminal nitrosyl ligand 
becomes bridging between the two irons. If we assume that the molecular orbitals of this 
cluster are similar to [Fe2 S 2 (N O )4 ]^“ then reduction would populate a metal-nitrosyl 
antibonding orbital making it unstable with respect to the rearrangement observed. The 
observation that the LUMO of [Fe2 S 2 (N O )4 ]^“ is an Fe-7c*NO antibonding orbital could
be used to explain the observed reductive electrochemistry of this cluster; two reductions 
with no observable fragmentation during the time scale of the C.V. experiment (see chpt 4). 
An examination of the reduced Fe2 (S R )2 (N O )4  by I.R. spectroscopy does not show the 
presence of a bridging nitrosyl, (chpt 4). The observed e.p.r. spectrum of reduced 
Fe2 (S R )2 (N O )4  (chpt 4) is suggestive of a delocalised electron coupling to four equivalent
nitrogens, an observation which would be in agreement with this calculation. Table 2-3 
shows the weakness of the Fe-Fe interaction and also the strength of the Fe-S bonds. From 
this it can be reasoned that the main stability of the core of this cluster is due to the Fe-S 
interactions and not that of any direct Fe-Fe.
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Table 2-3
X -Y  Overlap (a)
Fe-Fe 0.06
Fe-S 0.64
Fe-N 0.89
N -0  0.85
(a) given in total number of electrons shared
Table 2-3, total overlap between pairs of atoms in Russin's Red dianion.
2 - 8
Iron-Iron overlap
In the paper by Hoffmann and Summerville they left open the question as to whether a d^ 
dimeric complex had an iron-iron bond or not [11]. From the simple 18 electron rule one 
would assume the existance of such a bond, and an examination of the electrochemistry of the 
alkyl esters, which show two one-electron reductions, could be interpreted as the breaking 
of such a bond (see chapter-4). From these calculations the total iron-iron overlap for a 
variety of the fragments was examined, Table 2-4. The conclusions drawn from table 2-4 
are ; there is no net Fe-Fe overlap in [Fe2 S 2 ]®' and that all the net bonding interaction is
via Fe-S links; in [Fe2 (N 0 )4 ]^+ there is a small interaction; and that in [Fe2 ^ 2 ( ^ ^ ) 4 l^ 
the interaction in is negligible (It can be seen from table 2-4 that the overlap of 
[Fe2 (N 0 )4 ]^+ is cancelled by the overlap of [Fe2 S 2 ]®’ )- Thus we can say that the cluster 
is held together by Fe-S links and not by any net Fe-Fe bond.
Table 2-4
Fragment Overlap (a)
[F e g ]^ "  0.18
[F e 2 {N O )4 ]2 + 0.16
[F eg S g ]^ " -0.07
+ S d-orbs. -0.09
[Fe2S2(NO)4]2- 0.10
" + S d-orbs. 0.06
(a) given in total number of electrons shared between the two iron atoms.
T ab le  2-4, the total overlap, in electrons, between the two irons of the listed 
fragments.
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To examine further the bonding in these iron-sulphur clusters the Methyl ester of 
Roussin's Red salt, Fe2 (SM e)2 (NO )4  was examined by E.H.T.
2 - 9
Bonding In the Methyl Ester of Roussin's Red Salt, Fe2 (SM e)2 (NO )4
Using the original X-ray of Fe2 (SEt)2 (NO )4  as a guide two methyl groups were added to 
the structure of two methyl groups were placed at a S-C distance of
1.82Â and at an angle of 65.8® [2] relative to the plane of the [Fe2^2l^ core to achieve the 
trans or C 2 h configuration.
The calculation reveals that the < 4^ , and cTg levels of NO are as calculated for
[Fe2 S 2 (N O )4 ]^", ie the presence of the methyl groups does not effect these orbitals. The
sulphur s-orbitals have been affected and are found in a bonding arrangement with the 
methyl s-orbitals at -25.4 eV and in an antibonding arrangement at -19.4 eV. Further up at
-15.9 ev, between NO cfg and the tc-| orbitals, the p-orbitals of the S-CH3  groups are
found.
The effect of the methyl groups on the energy and order of the Fe-ît*NO orbitals is 
shown in figure 2-12. In most cases the energies of the orbitals are changed only slightly, 
+/- O.SeV. For instance orbital 1a'-jg has been stabilised relative to the similar orbital of
[F e 2 S 2 (N O )4 ]^“ due to a favourable S-C interaction, whereas orbital 1 a"  ^  ^ has been 
destabilised. The HOMO of Fe2 (S M e)2 (N O )4  is the 1b"-jg non-bonding (with respect to 
sulphur) orbital. The orbital responsible for the HOMO in [Fe2 S 2 (N O )4 ]^" has been 
stabilised due to the S-C interaction. The first three unfilled orbitals have changed order 
relative to those found for [Fe2 S 2 (N O )4 ]^ '. The LUMO is now orbital 3 b'2 y, orbital 3a"^ ^
(non-bonding with respect to NO) has been destabilised further, figure 2-13 depicts these 
orbitals. Table 2-5 gives the percentage charge associated with the atoms for the HOMO and 
the latter three orbitals.
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Figure 2-12
Orbital Energies of Fe2 (SMe)2 {NO)4  relative to
2a'ig
1a"2u
lb"2g
1b'iu
ib'zcr
1a’2g
1a'ig
la ’ILL
[Fe2 S2 {NO)4 ]2- Fe2 (S M e)2 (N O )4
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Figure 2-13
Molecular Orbitals observed in Fe2 (SMe)2 (NO ) 4
HOMO, orbital 1b'\g LUMO, orbital 3b\u
LUMO+1, orbital 3b"2g LUMO+2 , orbital 3a"m
Table 2-5
The percentage charge calculated for the atoms of Fe2 (SCHg)2 (N0 ) 4  
Orbital Fe S N O C H
HOMO 1b"i« 2 7  2  4 2  2 8  0 0 M-k*NO bonding
 ^ ^  ^ ^ ^ ^ M-7r*NO antibonding
1g
LUMO Sb’^u
LUMO+1 3b"2g 
LUMO+2 3a"^u
2 7  2 8  3 2  11 0 0
37 49 10 3 0 0 M-7t*NOnonbonding
The HOMO is antibonding with respect to iron and non-bonding with respect to sulphur 
and therefore to C and H. The charge associated with the sulphur for this orbital confirms 
this non-bonding status.
The calculation suggests that reduction to [Fe2 (S M e)2 (N O )4 ]" would place an electron 
in the 3b'^  ^ orbital. This electron would be delocalised over both irons and all four 
nitrogens. The presence of charge on the carbon of orbital 3 b 'a l s o  suggests that an e.p.r.
spectrum of the reduced complex may display some interaction not only with the four 
equivalent nitrogens but also with the two methyl groups. As was found for
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[Fe2 S 2 (N O )4 ]^", reduction of the complex would not necessarily cause the fragmentation 
of the cluster.
The Cis-Trans conversion
From n.m.r. investigations of the alkyl and aryl esters of Roussins Red Salt it has been 
found [16]that the esters exist in solution in two isomeric forms; the cis and trans of 0 2 ^
and C2 v symmetry respectively whereas in the solid state only the trans is found [17]. The
thlosulphato complex exists in the trans configuration both in solution and in the solid state; 
the explanation of this is given in chapter 3.
From measurements of the coalescence of the n.m.r. signals for the cis and trans in 
solution the energy of the activation barrier was calculated and a value of around 75KJ 
mol"^ found [18]. Since the isomers are found in approximately equal abundance the total 
energy of both isomers is approximately equal, figure 2-14 .
Figure 2-14
Barrier to Cis-Trans conversion
Transition State
A G ^
70 K] Mol
Cis Trans
It was decided to investigate this isomérisation using the Extended Hückei method and 
compare the values calculated with those derived experimentally. Two possible transition 
states were decided upon for the calculation, these are depicted below, figure 2-15.
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Figure 2-15
Possible Transition States in the Cis-Trans Conversion
Transition S ta te -1 Transition S ta te -2
Calcuiation A; Transition state one.
One methyi was fixed at an angie of 65.8° to the plane of the [Fe2 S 2 l®‘ core, (this being
the vaiue obtained from the crystai structure). The other methyl group was rotated around 
the sulphur normal to the Z-Y plane at the fixed S-C distance of 1.82Â. The total energy of 
the system was determined from the calculation. The differences in the total energy 
calculated from an arbitrary zero position (the differences of energies are important not the
absolute) was plotted against 0 . The results are given In figure 2-16 .
Figure 2-16
Calculation of the Barrier to Conversion Through Transition State-1
80
60
oE 40 ~ Trans Cis
a> 2 0  
UJ
0  -
-20
0 1001 00
Methyl Angle, 0
Two minima and one maximum are obtained. The maximum corresponding to the proposed 
transition state. The minima do not occur at the experimentally derived vaiue of 6 6 °  but at
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5 5 ° , for both the cis and trans isomers. The energy difference between the ground state and 
the transition state, corresponding to the AG^ , is 33 KJ mol'^ This value is approximately 
half the experimental vaiue, but at least of the correct order.
The calculation was repeated with the fixed methyl at 5 5 ° and the other methyl group 
rotated as previously, although the minima are lowered in energy relative to the previous 
calcuiation but so is the maximum and a vaiue of AG^ = 33 KJ moi“  ^ is again obtained.
One interesting aspect of the calculation is the vaiue of 55 ° for the ground state. This is 
the vaiue of the angie expected to be made by the methyi group between sulphur and the 
Z-Y-piane if the sulphur bonded in a tetrahedral manner. The reason for the difference may |
due to a packing phenomenon in the crystal, a constraint which is released In solution or else 
the calculation is not good enough.
Calculation B; Transition state two.
The above calcuiation was repeated. Firstly both methyi groups were placed on the plane 
of the [Fe2 S 2 ]^~ core. Both methyls were rotated in a positive B direction. This allowed a
minimum energy to be calculated for the C2y isomer. Secondly, one methyl was rotated + 0
the other -0 ; allowing the minimum of the C2 h isomer to be found. A similar plot to the
above was made, figure 2-17. Again two minima and one maximum, corresponding to the 
transition state, were obtained. The minima correspond to an angie of 55 ° to the plane of the 
core; the activation barrier was calculated to be 65 KJ mol"^, which is closer to the 
experimental value than that previously calculated.
These calculations suggest that the conversion of cis methyl ester to the trans methyl 
ester will proceed through the movement of one methyi group through the plane of the 
I^ °2^2^ ^" core with a transition state similar to transition state-1. This has the lowest 
barrier to the conversion. The other calcuiation done on transition state-2  suggests that
both methyls move to 0 = 0  and they then either both go.back up or both go down, ie no 
interconversion, or that one goes up and the other goes down, ie interconversion. The 
calculation suggests this method to be unlikely.
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Figure 2-17
Calculation of Energy Barrier for the Cis-Trans conversion Through Transition State-2
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An interesting aspect of the calculation was the changes in the charges associated with the 
iron and sulphur atoms and the changes in energy of the HOMO as the methyl group was 
rotated. Figure 2-18a a shows the the charges of the Fe and S atoms as a function of the 
methyl angle. As the iron gains in negative charge so does the sulphur, at an approximately 
equal rate. A minimum is obtained for the iron at 50° and one for sulphur at 60 °. Figure 
2-18b gives a plot of the energy of the HOMO and the total energy of the cluster as a function 
of methyl angle. The discontinuity at 4 5 ° and at 8 0° for the HOMO plot suggests that a 
different orbital, which is unaffected by changes in the methyl angle, becomes the HOMO  
between these two angles. This was found to be the 3 a ' g orbital. The Increase in energy of
the HOMO at the extreme angles is apparently due to the overlap of the methyl group with the 
dx^-y^ of the metals.
Although many factors are involved in setting the geometry of a complex, the charge 
associated with the metals is certainly one factor. According to Pauling's theory of 
electron<jutrality, a metal will try and remove as much charge from it as possible to achieve 
electroneutrality. The minimum charge on the iron at 50° is perhaps a consequence of this 
rule.
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Figure 2-18a
Effect of methyl angle on the charge of the iron and sulphur atoms
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Figure 2-18b
Effect of methyl angle on the energies of the HOMO and on the total energy of the cluster
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Bonding in the Thlosulphato Complex, [Fe2 (S 2 0 g)2 (N 0 )^ ]^ '
The crystal structure of (P N P )2 [F e2 (p -2 '^ 2^ 3 )2^ ^ ^ )4 l determined (see chpt-3)
and the atomic coordinates were used to examine the orbitals of the cluster by the extended 
Hückei method. The examination was done to reveal differences, if any, with the calculation
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on the methyl ester, and also to see if a geometry manipulation would give an insight into the 
observed electrochemistry of this cluster and the others of type Fe2 (SR )2 (N 0 )^.
In brief, the cfg, n-\ and cfg orbitals of NO are at the same energies as found for
Roussin's Red Salt and Roussin's Methyl Ester. The SO3  cf orbitals are observed at -33.5 
ev and -16 .5  ev; the SO 3  n  orbital interactions occurring at -1 4 .5  ev. The 
d x ^ -y 2 * /d z ^ * -(X )  (orbital 1a'^ g ) lies amongst the SO3  % orbitals, and has been 
stabilised slightly over the same orbital in Fe2 (S M e )2 (N 0 )^ . Apart from this level all 
other orbitals up to and including the HOMO are the same as found for Fe2 (SM e)2 (N0 )^. The 
first three unoccupied levels, however, have changed order relative to Fe2 (S M e)2 (N 0 )^; 
the 3 b"2 g occupying the LUMO, with d x ^ -y ^ */d z ^ * -(X )(o rb ita l3 a "^  being the 
LUMO+1 and the dyz (orbital 3b'^ y) the level above that.
From this calculation there is little difference between Fe2 (S M e ) 2 (N O )^  and
[F e 2 (S 2 0 3 > 2 (N O )4 ]2 -
Effect of Bridge Geometry on the Orbitals in [Fe2 (S2 0 3 )2 (N 0 )^]^"
The effect of changing the geometry of the bridge on the energies of the calculated 
orbitals was investigated. This work was similar to that of Hoffmann and Summerville [11], 
but in this case the symmetry is lower ( 0 2  ^ > 0 2 ^), and the empty d-orbitals of the 
bridging ligand were taken into account.
The Fe-S bond lengths were held at a distance of 2.24Â, and the terminal nitrosyl ligands 
were unchanged from the geometry in the crystal. The angle 0 , defined below, was changed 
from 60 to 100° and the effect on the energies of the orbitals calculated. The results of the 
calculations are given in fig 2 -19 . At low and high values of 0  orbital 3a".; ^ ,
d x ^ -y ^ */d z ^ *-(X ), is the LUMO. As 0  increases from 8 0 ° , the antibonding overlap 
decreases as the pz orbitals of the sulphur approach the node of the metal dx^-y^ and so the 
energy of the orbital drops. The orbital reaches a maximum energy at about 80 ° where the 
total antibonding overlap with the sulphur orbitals is at a maximum. The energy decreases
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Effect
Figure 2-19
of Bridge Geometry on Selected Orbitals of [Fe2 (S2 0 3 )2 (N0 )^]2-
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56
as 0  becomes less than 80° since the sulphur orbitals move further away from the metal 
orbital lobes. The antibonding d level of dx^-y^ plays little role in the energies at the 
distances involved.
Orbital 3b"^g, is interesting because it contains orbital character from the SO3  groups.
This is the LUMO at the crystal geometry. On reduction this orbital would be occupied 
assuming no geometry relaxation took place. However the stabilisation in energy which 
would occur by populating orbital 3a"^ coupled with a geometry change to a longer Fe-Fe
distance, seems more preferable. Thus reduction to the tetra-anionic complex may simply 
open the complex by fully populating this orbital. If this was not the case, however, and on 
reduction the geometry remained between 70 and 8 5 °, then due to the closeness of the 
unoccupied levels a paramagnetic complex with two free electrons may be produced.
Electrochemical investigations by cyclic voltammetry of [Fe2 (S 2 0 3 )2 (N 0 )^ ]^ ' show 
two quasi-reversible one electron reductions (see chpt 4 ).E.p.r. observations on the 
reduced Fe2 (P2 -SR )2 (N0 )^ show that the monoanion has its lone electron coupled to four
equivalent nitrogens, but no hyperfine coupling to H was observed. This is suggestive of the 
electron populating the dx^-y^*/dz^*-(X) with a concomitant increase in the Fe-Fe bond 
distance. Although this orbital is formally non-bonding to the nitrosyl ligands an 
examination of table 2-5 reveals an amount(10%) of charge on the nitrogens of this 
orbital; the small coupling constants obtained may reflect this small interaction with the 
nitrogens. Although the population of this orbital means that a formal bond order of zero 
between the irons exists and the fragmentation of the complex would be expected the 
reductions as shown by C.V. for Fe2 (S R )2 (N O )4  are reversible (the reductions for salts of
[Fe2 (S 2 0 3 )2 (N 0 )4 ]^ ' are more complex because of the associated charge). This implies
that fragmentation does not occur and that there is enough stability to prevent the collapse of 
the cluster on reduction at least on the C.V. time scale.
The crossing over of the filled orbitals looks complex but the essential features can be 
found from a detailed examination of the eigenvectors and by reference to Hoffmanns work 
[11]. At the crystal geometry, 0  = 7 4 °, there are three orbitals all of similar energy. With 
reference to the orbitals of figure 2-19, the increase/decrease in energy can be simply 
correlated to the increase/decrease in bonding/antibonding overlap involved with the irons, 
the sulphurs or the iron-sulphur interactions.
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The diagram can be used to explain the irreversible nature of the multielectron oxidation 
observed by cyclic voltammetry. The closeness of the first three filled levels at the crystal 
geometry shows that the energy required to remove one electron is approximately the same 
as for the other five. With the removal of one electron, orbital 1b".; g will act as a brake, 
preventing the cluster from opening up. A further removal will release this constraint and 
0  will increase until the effect of orbital 2b’.; y is felt. Further removal of electrons will 
also release this constraint and 0  will increase further.
From the calculation alone the effect of oxidation on the cluster is uncertain apart from 
the theory that 0  should increase. Experimentally a multielectron chemically irreversible 
o xidation  is o b served ; ie the c lu s te r falls ap art. O x id a tio n  of
(PN P)2[Fe2(p-2“S 2 ^ 3 )2 (^ *^ )4 l been shown by n.m.r. to produce NO2 ", NO3 ", and
Roussin's Black Salt (chpt 3), It is also known from e.p.r. that the oxidation of the cluster 
produces [F e (N 0 )2 (N 0 2 )2 l'l1 9 l- i* appears therefore that either a cascade of electrons
falls out of the complex reducing bonding overlap and leading to fragmentation or that some 
electrons are pulled out, the geometry restraints are released, 0  becomes larger, bonding 
density is lowered and fragmentation occurs.
Figure 2-20 shows the effect the change in bridge angle has on the Fe-Fe overlap. As the 
bridge angle increases and the irons move away from one another the overlap decreases to a 
slightly negative value. As expected as the angle decreases the overlap increases, but from 
the figure the amount of overlap is very small.
Figure 2-20
Effect of Bridge Geometry on the Fe-Fe Overlap
T
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This calculation only examines the effect of the Fe-S-Fe angle and ignores any possible 
change in the Fe-NO angles/ bond lengths on reduction. This is a source of error, since from 
e.p.r. and IR examinations of the reduced esters we know that the nitrosyls are Involved; the 
stretching frequency of the N-O bond decreases, however the calculation does provide a 
model for what may be occurring with the complexes during reduction or oxidation.
2-1  1
An Examination of the Bonding in [Fe4 S 3 (N0 )y]"
In a paper by Sung et al [ i  ] the highest occupied orbitals are described as being 
predominantly due to Fe-Fe interactions. [Fe4 S 3 (NO)y]" can be considered a 34 valence 
electron cluster (one Fe d^ and three Fe d®). Out of a possible 2 0  orbitals, 17 are filled, 
giving a net stabilisation of three bonding levels, (a^ +e). These are considered as having an 
electron pair shared between the apicaliron and one basal iron atom. The HOMO was 
described as bonding with respect to the Fe^ terahedron while the LUMO was antibonding. An
overlap population of 0.178 of an electron between the apical and basal irons was calculated 
for the anion and an overlap of 0.118 for the neutral or dianion. The bonding between iron 
and sulphur was described as being between -14 and -15.3 eV.
In the paper by Chu and Dahl [3], they reported that the structures of [Fe4 S 3 (NO)y]" , 
F6 4 S 4 (N 0 ) 4  and Fe2 (SEt)2 (NO )4  were essentially invariant in the angles and bond lengths 
of the Fe-Fe and Fe2 S2  regions of these clusters. They intimated that as such the bonding 
associated with these Fe2 S 2  fragments must be similar. The EHT calculation on 
[Fe4 S3 (NO)y]‘ was repeated using the atomic coordinates of Chu and Dahl.
As found for [Fe2 S 2 ( N O ) 4 ]^ “ the difference between a calculation with the
participation of sulphur d-orbitals to one without was manifest in the increase in stability 
of most orbitals when they were used; allowing more electron delocalisation to occur. For 
instance in this calculation the HOMO was found to be about 0.4 eV more stable than the i  
previous calculation [1].
An examination of the net overlap between iron atoms reveals a similar picture to that of 
[Fe2 S 2 (N O )4 ]^", as was expected by Chu and Dahl. In the latter complex the total overlap
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between the irons was calculated to be 0.06 electrons. The bonding was shown to be mainly 
through the Fe-S bonds and that the Fe-Fe interaction, where present, was small. For Ï
[Fe4 S 3 (NO)y]" a net overlap of 0.055 electrons was calculated to exist between the apical
and basal irons. There was no bonding between the basal iron atoms themselves. An 
examination of the overlap between the apical iron and the three sulphurs showed an overlap 
of 0.67 electrons and o.65 between the basal and the two nearest sulphurs. Again, from this 
simple calculation, it would appear that there is little direct net bonding between the iron 
atoms and what there is occurs only between the apical and basal irons, the picture of a 
bonding terahedron of iron atoms appears to be a very simplistic model. As was found for 
[Fe2 S 2 (N O )4 ]^“ most of the bonding in the cluster occurs via the sulphur bridges.
The following table gives the total charges associated with the iron and sulphur atoms of 
the cluster and also the fractional electron density on the atoms for the HOMO, LUMO and 
LUMO+1 orbitals.
Table 2-6
Fe(A) Fe(B) S
Total Charge(a) + 1 .2 5 + 1 .4 7 -0 .7 1
HOMO(b) 0.23 0.13 0 .2 0
LUMO 0.24 0 .12 0.21
LUMO +1 0.35 0 .10 0.35
(a)total charge calculated for Fe and S atoms in the cluster [Fe4 S 3 (N 0 )y]"; (b)
fractional electron density on the atoms for a filled orbital; for basal iron and sulphur
atoms the average value is given.
The total charge associated with the apical iron and the basal irons are similar. The 
apical iron is formally Fe(+1) whereas the basal are formally Fe(-1). The differences in 
reactivity of the [Fe(NO)]^'^ group relative to the [Fe(N0 )2 ]^ may reflect more the
differences between a mononitrosyl and a dinitrosyl, as implied by Enemark [g ], than that 
due to irons of differing oxidation states.
The HOMO and LUMO show that there is approximately an equal amount of electron 
density on the three sulphurs as there is on the four irons. In the work of Sung [^]the LUMO 
was designated an orbital of type E . In this work there was a difference of about 0.07 eV 
between the first two unfilled orbitals. The LUMO +1 orbital has 59% more electron density 4
associated with the sulphurs than there is on the four irons. In both cases however, the 
addition of an electron to this cluster to produce the dianion, [Fe4 S g(N O )y]^" would
6 0
increase the electron density on the sulphurs. This result was the reasoning behind the 
investigation of the chemical reactivity of the reduced species towards the 
trimethylsulphonium cation, (see chapter 3).
A thorough investigation of the bonding associated with this cluster in a similar manner 
to that done for [Fe2 S 2 (N O )4 ]^" was undertaken, but the geometry of the cluster was such
that this was very difficult and a proper Investigation could really only be carried out if the 
computer power and programs were available.
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Chapter Three
:
Chapter Three 
An Examination of the Chemistry of the Thiosulphate 
Analogue of Roussin's Red Salt and the Reactions of Certain 
Electrophiles with Roussin's Black Salt.
Introduction
Originally, Roussin prepared the black salt from ferrous sulphate, polysulphide and 
nitrite [1]. The Red salt was formed by reflux of the Black salt in sodium hydroxide 
solution. The composition of these two Iron-sulphur-nitrosyl clusters were shown by Pavel 
[2] to be M [F e ^ S g (N O )y ]  and M2 [ F e 2 S 2 ( N O ) 4 ] for the Black and Red salts
respectively,(M=Na,K,TI or NH^). Pavel also produced Fe2 (S E t)2 (N G )4  by the alkylation
of the red salt; this was the first member of a family of iron-sulphur-nitrosyl clusters 
known as the Esters of Roussin’s Red salt. Although other methods exist for the preparation 
of these esters,[3,4,5,6] Pavel's original method of using an alkyl halide is one of the most 
versatile. This preparative method has been extended by Seyferth and Gallagher [7,8] and 
many new types of iron-sulphur-nitrosyl clusters have been discovered. For example the 
use of the dihalide (PhgP)2 PtCl2  leads to a complex bridged across the sulphurs by the
platinum atom [9]; reactions with other gem dihalides have, however, not led to bridged 
complexes.
The above method of reacting Roussin's Red salt with an organic halide or with a species 
with a labile halide cannot be applied to the formation of the aryl Esters of Roussin's Red 
Salt. This class of cluster can be successfully synthesised from the related carbonyl 
clusters, Fe2 (S R )2 (C O )g [1 0 ,1 1 ]. These carbonyl clusters are easily formed from 
dodecacarbonyltri-iron and an organic-disulphide or from di-iron ennaeacarbonyl and the 
corresponding mercaptan. Nitrosylation of Fe2 (S R )2 (C O )g  with nitrite or nitric oxide 
leads to the nitrosyl clusters in good yield [5,8].
The other main preparative route to the alkyl esters is via the dimeric iodo complex, 
Fe2 l2 (N 0 )4 . This reacts in THF solution with thiols in the presence of base to produce the 
corresponding esters [12]. This method has allowed the preparation of mixed chalcogen
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esters such as Fe2 (S C H 2 P h )(S e C H 2 P h )(N O )4 . The pathways through which the iodo 
complex is changed into the esters has been worked out using e.p.r. spectroscopy [13]. The 
reaction has been shown to proceed via the mononuclear-dinitrosyl species Fe(N0 )2 l and
[F e (N O )2 (S R )2 ] '.
The formation of such mononuclear species is extremely important in the overall 
chemistry of these clusters. Addition of thiolate to solutions of Fe2 (S R )2 (NO )4  causes the
cluster to break open to produce the mononuclear species [Fe(NO)2 (S R )2 ]‘ [6 ]. Addition
of an excess of a different thiolate to such solutions followed by the addition of a solvent with 
a low dielectric constant, such as toluene, causes the re-dimerisation of the mononuclear 
species with the production of a new ester; scheme-1 .
Fe2(SR)2(NO)4 + SR’ - — [Fe(SR)2(NO)2r'-^^^-^[Fe(SR')2(NO)2r-
Toluene
Fe2(SR )2 (N 0)4
Scheme-1
In a similar manner, the reaction of Fe4 S 4 (N O ) 4  or [Fe4 S g (N O )y ]"  with M eS” 
produces [Fe{SM e)2 (N O )2 ]", from which solutions the methyl ester, Fe2 (S M e )2 (N O )4 , 
can be isolated in preparatively useful yields of 18 and 40% respectively [6 ].
Related to the Roussin Esters is the thiosuiphato anion, [Fe(S2 0 g )(N 0 ) 2 ]". This
compound was first produced in 1895 [3,14] from the reaction of ferrous sulphate, 
thiosulphate and nitric oxide.
2FeS04.7H20 + 4 K2S2O3 .5 H2O + 4NO —^ -------   2K[(NO)2FeS203.H20] + K2S4O6
+2 K2SO4
On the basis of its I.R. spectrum, Its diamagnetism [31] and the similarity of the 
preparation to that of the alkyl esters of Roussin's Red salt it has been assumed to be a 
dimeric complex with a structure similar to that of the esters themselves. Apart from its 
I.R. spectrum and its diamagnetism, however, very little else was known about this complex. 
Part one of this chapter describes the synthesis, characterisation and reactions of this
6 6
cluster, and shows the similarity of its chemistry to that of the alkyl esters.
The methyl ester of Roussin's Red salt as described in chapter one has been implicated in 
the incidence of oesophageal cancer in the Linxian region of China. One possibility is that the 
high levels of nitrite in the local water nitrosylates natural iron-sulphur enzymes, a 
reaction which eventually leads to the formation of Fe2 (S M e )2 (N O ) 4  within vegetable 
matter eaten by the local people.
Incubation of parsley with nitrite was shown by Johnson [15] to produce the methyl 
ester. Incubation of casein with nitrite produces Roussin's Black anion [16], 
[F e 4 S g (N 0 )y]^". It has further been shown by Hyde that the reaction of nitrite with
analogues of iron-sulphur enzymes also produces Roussin's Black anion [17]. This work 
suggested that the Roussin's Black anion was a possible intermediate in the formation of the 
methyl ester; scheme-2 .
Fe4S4(S-Cys)4  blSaL», [Fe4S3(NO)7]^‘ ----------- ' "» Fe2(SMe)2{NO)4
Scheme-2
Here "Me" denotes the in vivo transfer of a methyl group by means unknown, to produce 
the dimer from the tetramer by means unknown. Thus, reactions of Roussin's Black anion 
which involve the formation of an alkyl ester are relevant to the study of the in vivo 
production of Fe2 (S M e )2 (N O )4 . Preparations of the Roussin esters involving the
production of mononuclear radicals[6 ] from Roussin's Black anion are low yielding 5 
reactions and for an in vivo mechanism would involve the participation of either HS“, 
or MeS" in some biological form to be a viable route to the methyl ester. Another possible 
pathway might involve the formation of Roussin's Red dianion, [Fe2 S 2 (N O )4 ]^‘ which is
known to react with electrophllic carbon with ease. The laboratory preparation of Roussin's 
Red dianion, however involves a reflux in strong alkali whereas the conversion of the Red 
dianion into the Black anion is facile and can be simply done by bubbling CO2  into an aqueous
solution of the Red salt. It is unlikely, therefore that the methyl ester is formed from 
Roussin's Black anion via the Red dianion.
A paper by Jinhau[18] described the reaction of Roussin's Black salt with 
para-fluorobenzenediazonium salt and showed that it led to the production of the dimeric
cluster Fe2 (SC gH 4 F)2 (N O )4 . The X-ray structure of the complex was given; figure 3-1. A
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paper by Miwa and Iwasawa [19], however gave Fe^S2 (N0 )^N2 CgH^N0 2  as the product of 
the reaction of the Black salt with a para-nitrobenzenediazonium salt. They gave the
following as a possible mechanism;
O
N
NO
Fe
Fe- NO NOFeNO" Fe
NO
11-
+Ar— N - N— S'
Part two of this chapter describes the reactions of Roussin's Black Salt with some 
electrophiles and a possible pathway for the in vivo production of Fe2 (S M e )2 (N O )4  is 
given.
Figure 3-1
Structure of Fe2 {SC6 H4 F)2 (NO)4 
from ref. [18]
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1Experimental
Instruments and materials 
Elemental analyses were by the Microanalytical Laboratory of this Department. |
15fg 19p^ 1 3c  and  ^H n.m.r. were recorded using a Brüker AM-300 or a Broker WP-80 I
spectrometer. chemical shifts are referred to external recorded at
30.48M H z, chemical shifts are referred to internal CCI3 F recorded at 75.3M Hz.
Infra-red spectra were recorded, either as nujol mulls or in solution using a Perkin Elmer 
1330 spectrometer or a Perkin Elmer 1710 FTIR. Mass spectra were recorded using an 
INCOS 50 GCMS, accurate masses were obtained using an AEI MS 902. UV spectra were 
recorded on a Pye Unicam SP8150 UV-Vis spectrometer. E.P.R. spectra were recorded on a 
Bruker ER 200D spectrometer, g-vaiues were obtained using di-t-butlynitroxide J
(g=2.0061) as a standard.
All preparations were carried out under nitrogen, using Shlenck techniques or a glove 
box where appropriate. Solvents were purified according to techniques outlined by Perrin 
and Perrin[21]. Light petroleum had b.p. 40 -6 0°C . N a ^ ^ N Û 2 (99% enriched) was
purchased from M.S.D. Isotopes Inc., and was used as received. Na[Fe4 S 3 (N 0 )y] was
produced using an adaptation of that outlined by Brauer[4]. Fe2 S 2 (C O ) 0  and
Li2 [Fe 2 S 2 (C O )6 l were produced from literature methods [2 0 ]. Amines were purchased
from a variety of sources and purified before use. Trimethylsulphonium and sulphoxonium 
salts were purchased from Aldrich and used as received as were the trialkyloxonium salts, 'I
the m ercaptans and disulphides used in this work. Chlorophenylm ethane, 
chlorodiphenylmethane, iodomethane and iodoethane were used as received.
Preparation of N a 2 [Fe2 (|LL2 'S 2 0 3 )2 (N ^ )4 l NO(g).
F e S 0 4 .7 H2 0  (10.8 g, 39 mmol) in water (20 cm®) was added under nitrogen to a 
stirred solution of Na2 S 2 0 3 .5 H2 0  (20 g, 80mmol). Nitric oxide was bubbled through the
solution for two hours. The solution darkened considerably in the first few minutes. The 
solution was filtered, reduced to dryness and the solid extracted with acetone (4 x 200 
cm®). This was reduced in volume, cooled in an ice bath and dichloromethane added slowly to
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obtain a brown crystalline material. Yield of Na2 [F e 2 {M-2 -S 2 0 3 )2 ( N ^ ) 4 l 9.0g, 17.9 
mmol,90%(based on iron).
Preparation of (PNP )2  [Fe 2 (p -S 2 0 3 )2 (N O )4 ].
To a nitrogen purged, stirred solution of Na2 [F e 2 (M--S2 0 3 )2 (N O ) 4  ] (1g, 2mmol) in 
water (40ml) was added a hot solution of bis(triphenyl posphoranylidene) ammonium 
chloride (PNPCl) (2.3 g, 4mmol,20ml of H2 O at 6 0 °c) . The mixture was stirred for 20
minutes, filtered and washed with warm water. The solid was dissolved in CH2 C l2 ( 3  
x50ml) and dried over MgS0 4 . The solution was reduced in volume and cooled in an ice bath. 
The complex crystallised as brown needles.
Microanalysis; calculated for 0 -72 *^6 0 ^ 4 ^ 6 ^ 4 ^ 10 ^ °2 ’ expected C 56.4; H 3.9; N 5.5%;
obtained C 56.7; H 4.1 ; N 5 .2% . I.R .,(C H 2 C l2  solution); 1/ N 0 a s y  = 1 7 8 7 ,  
1/N0sym =1757cm '* ^
Preparation of Na2 [Fe2 (M-2 ‘ ^ 2 ^ 3 )2 (*^ ^ U l NaN0 2 -
To a stirred solution of NaN0 2  (2.84g, 41 mmol) and Na2 S 2 0 3 .5 H2 0  (9.9g, 40mmol) 
in water (40ml) was added, under nitrogen, a solution of FeS0 4 .7 H2 0  (5.52g, 19.8mmol)
in water (30ml). The mixture was stirred for two hours. The solution was filtered and the 
water removed under reduced pressure. The solid was extracted with acetone (4 x 2 0 0 ml), 
leaving a green residue behind. The solution was reduced in volume and the complex 
precipitated using a 1:5 v/v mix of CH2 C I2  and petroleum. The solid was dried under
vacuum to produce a khaki coloured compound. Yield of N a2[Fe2(fi2"^2^3)2 (^^ )4 l  ^-^9» ® 
mmol, 30%(based on iron).
Microanalysis as the PNP salt; calculated for Cy2 H6 oP4 N 6 S4 0  ^o ^ °2 ' expected C 56.4;
H 3.9; N 5.5%; obtained C 56.3; H 3.9; N 5.41%. I.R., ( CH2 CI2  solution); T /N 0asy=1786,
l/N O sym =1756 cm'^.
The green residue was redissolved in water and Bu4 NBr (8g, 25mmol) added. The 
green solution was extracted with CH2 CI2  until no colour remained in the aqueous layer. The 
organic layer was brown. The solvent was removed and the solid washed with warm water (4
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X 250ml). The resulting solid was dried under vacuum and recrystallised from ethanol. 
Yield of (Bu4 N ) 2 [F e 2 ( t i2 " ^ 2 ^ 3 ) 2 (*^0 ) 4 Î ^9' 2 mmol. I.R .,(C H 2 C l2  solution);
VNO asy=1787, l/N 0 s y m = 1 7 5 8 c m " \
Preparation of (PNP)2 F e 2 (jJ.-S2 0 3 )2 (^®NO)4  .
This followed the above method. I.R.,{CH2 Cl2  solution); l/N O asy=1748, l/N O sym  = 
1718cm"^ (values expected from theory[2 2 ]).
Reaction of Fe2 l2 (NO )4  with Na2 S2 0 3 .5 H2 0  in THF
Fe2 l2 (N O )4  (0.5g, 0.1 mmol) and Na2 S 2 0 3 .5 H2 0  (1.02g, 4mmol) are stirred together
in THF (30ml) overnight. The solution was black and sludge-like. The THF was removed 
under vacuum. The solid was washed with petrol 40/60, a red liquid was obtained and a 
brown solid was left. CH3 CN (40ml) was added, and a green-brown solution obtained. I.R.,
of brown solid was identical to that of Na2 [Fe2 (S 2 0 3 )2 (N 0 )4 ]. A green residue was left. 
The C H 3 CN was removed. I.R ., of brown solid was identical to that of 
N a2 [Fe2 (S2 0 3 )2 (NO)4 ]. The solid was dissolved in water. Bu4 NBr (4g, 12mm) was added 
and the water layer extracted with CH2 C I2 . I.R., (CH2 C I2  solution) 1 /N O a s y = 1 7 8 6 , 
1/N 0sym =1758cm "^.
Preparation of Roussin's Alkyl Esters from N a2[Fe2(fi2"^2^3)2(*^(^)4] *
1) Preparation from basic THF solutions.
Typically, to a solution of Na2[Fe2(|i-2"^2^3^2^^^)4^^^9’ 2mmol) in THF(30ml) was 
added triethylamine (1g, lOmmol) and RSH (5mmol equiv), R= CH3 , CH2 C H (C H 3 )2 , 
C H (C H 3 ) 2 , (CH2 )4 C H 3 . This was stirred under nitrogen for 4 hours after which the
reaction was quenched by the addition of toluene (500ml). The solvent was removed under 
vacuum. Petroleum (200ml) was added and a red coloured solution was obtained. This was 
filtered, reduced in volume and chromatographed on a silica column (15x5cm, eluted with
petrol). The solution was again reduced in volume, cooled in ice and crystallised under a 4
stream of nitrogen. Typical yield of Fe2 (P2 -S R )2 (N 0 ) 4  , 40-70%  (based on iron).
Esters were identified by Infra red spectroscopy (recorded in CCI4 ), mass spectra, and by 
’’®C and n.m.r spectroscopy.
2) Preparation from basic aqueous solutions
Preparation of Fe2 (S % u )2 (N O )4
To a stirred, deoxygenated solution of Na2 [Fe2 (M'2 "^2 ^ 3 )2 (^ ^ U J  ("iQ.Smmol) and 
N 3 2 S 2 0 3 .5 H 2 0  (1g, 4mmol) in water(80m l)/ CH 2 C I2  (200ml) , was added % u S N a  
(3.3g,29mm) dissolved in NaOH (aq)(1g in water(30ml)) . The red, organic layer was 
separated from the aqueous layer, washed with water (2x2 0 0 ml)and dried over CaCl2 ; the %
solvent was then removed. The solid was recrystallised from hot petrol under a nitrogen 
atmoshere, to obtain black-red needles of Fe2 (fi2 -S % u)2 (N 0 )4 . Yield 54%.
Microanalysis; calculated for Fe2 CQH-jgN4 0 4 S 2  ; expected C 23 .4 ,H 4.4, N 13,7%; 
obtained C 23 .6 , H 4 .7 , N 13 .7% . I.R ., (THF solution) 1/  N O a s y m  = 1 7 7 1  , 
l/N 0sy m = 1 7 45 cm "^ .
Preparation of Fe2 (S ‘Pr)2 (N O )4
To the solution of N a2 lFe2(|i2"S 2^3^2^^^U 3 sodium thiosulphate as described
above was added a solution of 'PrSH (4.1g,54mmoI) in NaOH(aq) (1g,in water ( 1 0 0 ml)).
The work up followed the above procedure. On recrystallising from hot petrol under 
nitrogen, black-red needles of Fe2 (p.2 "^'P*')2 ^ ^ ^ ) 4  were obtained. Yield 60%.
Microanalysis; calculated for Fe2 C 0 H-j4 N 4 O 4 S 2 ; expected C18.9, H 3.7, N 14.7% ; 
obtained C 19.0 , H 3 .6 , N 14 .5% . I.R ., (THF solution) 1/  N O a s y  m = 1 7 7 3 ,  
1 /N 0sym =1748cm "^.
7 2 ' j
L -----
Preparation of Fe2 (S M e)2 (N O )4
Following the procedure for %uSNa described above, MeSNa (1.4g,20mmol) was reacted 
in a similar manner. On recrystallisation from petrol, black parallelepipeds of 
Fe2 (M.2 "S M °)2 ^*^^U were obtained. Yield 61%.
Microanalysis; calculated for Fe2 C 2 H 6 N 4 0 4 S 2  ; expected 0  7.4, H 1.8, N 17.2% ; 
obtained 0  7 .4 , H 1.3, N 17.1% . I.R ., (THF solution) 1/  N O a s y  m = 1 7 7 6 ,
l/N O sym =1751cm 1
Preparation of Fe2 (SCH2 C 0 2 CH3 )2 (N O )4
To a solution of Na2 [F e 2 (P 2 "^ 2 ^ 3 )2 (%» 4mmol) and Na2 S 2 0 3 .5 H 2 0  
(2 g,8 mmol in water(50ml)), was added a solution of methylthiogIycolate(6g,56mmol) 
dissolved in NaOH(aq) (2.5g in water (100m l)). The product was extracted into 
OH2Cl2(2x150m I), and dried over CaCl2 . The solvent was removed and the black solid
recrystallised from hot C H 2 C I2  to obtain shiny black rectangular plates of 
Fe2 (|i2 -S C H 2 C 0 2 CH 3 )2 (NO )4 . Yield 58%.
Microanalysis; calculated for Fe2 S 2 C 0 H-j QN4 O 8 ; expected 0  16.3, H 2 .3 ,N 12.6%; 
obtained C 16.4, H 2.1, N 12.6%. Melting point 120° -1 2 2 ° . Mass-spec, M+ of 442 is not 
obtained, but the peaks at 176 and 144 are consistent with Fe2 S 2  and Fe2 S respectively.
Peaks at 208, 250 ,280,310,352 ,382 and 412 are consistent with the proposed 
structure.  ^H n.m.r. at RT one broad unresolved peak was observed (3.6ppm). At -4 0 °C 
three peaks plus a shoulder are observed; assigned CH3 , 3.66, 3.72 ppm; CH2 , 3.7, 3.74
(shl). n.m.r.; CH3 , 42.6, 44.8 ppm, CH2  53.0, 53.2ppm. Using a 5 second pulse
delay CO, 169.3ppm. Assignments of the CH2  and GH3  were confirmed using the DEPT
technique. I.R., (GH2 CI2  solution) l/NO asym  1788, l/NO sym  1760cm“^.
Preparation of Fe2 (SG2 H4 0 H)2 (N 0 ) 4
To a solution of Na2 [Fe 2 (P2 "G2 ^ 3 ) 2 ( ^ ^ ) 4 H'*9 ' 2mmol) and Na2 S 2 0 3 .5 H 2 Û (1g, 
4mM) in water (30ml) was added HSG2 H 4 OH (1.5g, 20mmol) in NaOH aq (1g in 30ml). 
Dichloromethane (75ml) was added and the solution stirred for ten minutes. The organic
73
*
layer was separated. To the aqueous layer was added glacial acetic acid/H2 0  {1:1, 1 0 0 ml) 
and CH 2 C I2  (1 0 0 ml). The organic layer was separated and combined with the eariier 
fraction and washed with water (3x10 0 ml). The solution was dried over CaCl2  and the 
solvent subsequently removed to yield O.Sg of a dark brown solid. The solid was 
recrystallised from hot CH2 CI2  under N2  to obtain 0.2g of black crystals. Yield 26%.
Microanalysis; calculated for F e 2 ^ 2 ^ 4 ^ 6 ^ 4 ^ 1  O' expected C 12.4, H 2.6, N 14.5%; 
obtained C 12.6, H 2.3, N 14.3%. Melting point 1 0 8 °-1 1 0 °. Mass-Spec M+ of 386 is not 
observed, but the peak at 176 is consistent with Fe2 S2 , and peaks at 190,220,250 296 and
326 are also consistent with the proposed structure. I.R., (THF solution) i/N O asym  1780, 
1/ N O s y m  1 7 5 3 c m " ^ .  ^ ® C n .m .r., T H F  solution, dC_H 2  O H - 6 4 . 3 p p m , 
9& H 2C H 20H -48,48.7ppm  (cis and trans isomers). Signals are in approximately the ratio 
2:1:1.  ^ H n .m .r., 30H_-4.46ppm  (m ultip le t), 9 CH_2 0 H -3 .8 8 ppm (m u ltip le t), 
3 C H 2 (^H2 0 H-3 .2 ppm (two overlapping triplets). Signals are in the ratio 1 :2 :2 .
Preparation of Fe2 (SC 4 HgN 2 )2 (N 0 ) 4
Following the above procedure, 2-pyrimidinethiol (2.24g 20mmol) in NaOH(aq) was 
reacted. The aqueous layer was extracted twice with CH2 C I2  (2 x 200ml). The layers
combined, dried with CaCl2 , and the solvent removed. Recrystallised from hot CH2 CI2  under
nitrogen to obtain black crystals of Fe2(|i2"^(^4*^2^3)2(^^)4- Yield 52%.
I.R ., (C H 2 C I2  solution) l/N O asym  1798, l/N O asym  1765 cm“^. Microanalysis;
calculated for Fe2 CgH6 Ng0 4 S 2  ; expected C 21.2, H 1.3, N 24.7% ; obtained C 21.6, H 1.2,
N 25.9% .  ^H n.m.r. two broad peaks at 7.1 ppm and 8 .6 ppm. Mass-spectrum was not 
consistent with the proposed structure nor with an iron-sulphur cluster. The peaks 
observed are consistent with the degradation of the complex.
The following esters of Roussin's Red Salt were all prepared from the method outlined 
above; F e 2 ( S R )2 (N O ) 4  , R= C2 H 5 , CH2 C H (C H g )2 , (C H 2 ) 2 C H g , (C H 2 )g C H g , 
(C H 2 )4 C H g, CH(C2 H g)(C H g). These were all identified as being esters from their I.R. 
spectrum, mass-spectrum and  ^H n.m.r.
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3) Preparation of alkyl esters from Na2 [Fe2 {M-2 "S2 0 3 )2 (N O )4 ] and alkyl halides 
Reaction of Na2[Fe2(p-2“^ 2 ^ 3 )2 (^ ^ )4 3  \^ vith N a2S .5H 20
To a solution of N a 2 [F e 2 (K 2 "^ 2 ^ 3 )2 (^ ^ )4 K ^ 9 ' 2mmol) and Na2 S 2 0 3 .5 H 2 0  (1g,
4mM) in water (30ml) was added N a 2 S .5 H 2 0  (6.2g, 30mmol) in water(30ml) and stirred
under N2  for 30 minutes. The solution changes colour from green/black to dark red on
addition of the sulphide ion. The water was removed on the rotary evaporator. The resulting 
solid was extracted with THF (4x50ml) and reduced to dryness. IR (THF solution) shows a 
mixture of Roussin's Black and Red salts to be present. The solid was extracted with ether to 
yield 0.14g of the Black Salt (26% based on iron ). The remaining red solid was shown to be
the Red Sait from I.R.,(THF solution) l/N O g g y f^ ^ l6 7 8 c m '^  , 1 /N O g y ^  =1655cm"^ and 
shl=1 737 cm "^ .
Reaction of Na2[Fe2(|i2’ ^ 2 ^ 3 )2 (^ ^ U l N a2S .5H 20 with Mel
To a solution of N a2 [F e2 (|i2 ‘ ^ 2^ 3 ^ 2 (^ ^ )4 K '*9>  2mmol) and Na2 S 2 0 3 .5 H 2 0  (1g,
4mM) in water (30ml) was added N a 2 S .5 H 2 0  (4, 24mmol) in water(30ml) containing
NaOH (1g, 25mmol). An equal volume of THF was added and the solution filtered. Mel (3g, 
21 mmol) was added and the solution stirred for 30 minutes. The solution turned bottle 
green in colour and the strong smell of thiol was evident. The solution was extracted into 
C H 2 Cl2 (2 x2 0 0 mI) and the organic layer separated. The organic layer was concentrated and
subjected to column chromatography ( silica, eluting with CH2 CI2 ). A red/brown band came 
off quickly and was collected. Removal of the solvent yielded 0 .13g, 20%  of 
Fe2(SMe)2(NO)4.
Mass-spec; M*  ^ 326, sequential loss of NO, 296,266,236,206. Melting point 94 -96°C .
Reaction of Na2 [Fe2 (P2 -S2 0 3 )2 ( ^ ^ )4 ] Na2S.5H2Û with Chlorodiphenylmethane
The above procedure was followed replacing the Mel with (CgH5 )2CHCI (8g, 40mmol).
On removal of the CH2CI2 a red/black solid (0.19g,) which was presumed to be the cluster
Fe2 (SCH(C6 H5 )2 )2 (NO)4  . 1.R.,(Ch2Cl2  solution) f/N0agy^=1793cm "1, 1/ N 0 gym=
1761cm"^ . Mass-spectrum was not consistent with the proposed structure but peaks at
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176 and 144 correspond to Fe2 S and Fe2 S2  respectively.
Reactions of Na2[Fe2(fi2‘ S 2 ^ 3 )2 (^ ^ )4 ^  chelating ligands
Preparation of Fe(NO)(S2 C N E î2 )2
(a) Following the above procedure (procedure 2 page 72), sodiumdiethyldithio- 
carbamate trihydrate (2g, 9mmol) in NaOH(aq) was reacted. The organic layer was 
separated, washed with water, dried, and the solvent subsequently removed. 
Recrystallisation from hot ether gave green/black crystals of Fe(NO )(S 2 C N E t2 )2 -Yield  
7 2 % .
Analysis by IR and UV spectroscopy and mass-spectrometry was identical to that of the 
complex obtained by the method of Cambi and Cagnasso[44].
(b) Sodium dimethyldithiocarbamate was reacted in a similar manner to obtain 
Fe(N O )(S 2 C N M e2 )2 -Yield 64%.
(c) Sodium dipropyldithiocarbamate produced from the reaction of dipropylamine and 
carbon disulphide reacted to give Fe(NO)(S2 CNPr2 )2  • Yield 6 8 %.
A further study of these mononuclear complexes and related compounds is described in 
chapter 5.
Attempted preparation of (Et4 N )[M oS 2 Fe(N O )2 l
To a solution of Na2[Fe2(|X2"^2^3^2^*^^)4^^^9’ 2mmol) and Na2 S 2 0 3 .5 H 2 0  (1g. 
4mmol) in water (30ml) was added MoS4 (N H 4 ) 2  ( 1.1 g 4.2mmol). The solution was 
stirred under N2  for ten minutes. CH 2 C I2  ( 1 0 0 ml) was added but no coloured material 
extracted into the organic layer. Et4 N C I.H 2 0  (5g, 27mmol) in water (15ml) was added and 
the solution was filtered to obtain a black solid. This was washed with water(2x50ml) and 
with CH2 CI2  (2x50ml). The washings and the mother liquor were combined and the organic
layer separated. The organic layer was dried over CaCl2  and the solvent removed to obtain 
(E t4 N )2 [F e 2 (f i2 " ^ 2 ^ 3 )2 (^ ^ )4 ] identified from IR. To the aqueous layer was added
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M eSNa (3g, 43mmol) in NaOH solution. On extraction into CH 2 C I2  (150ml), a small 
amount of Fe2 (SM e)2 (NO )4  was obtained ( as identified from IR and mass-spec.)
The black solid dissolves well in acetone or acetonitrile. In the solid state it was not too 
air sensitive but was In solution. T.L.C., a single black spot moving with the solvent front 
in acetone on silica gel. After ten minutes the original T.L.C. solution shows two spots, one 
with the solvent front and one stationary. I.R., there is very little structure observed, peaks
at 1744cm “  ^ and 1717cm"^ are assigned to V N O g g y ^  and l/N O g y^^  respectively.
Microanalysis of two samples of the material did not give the required proportions nor did 
they agree with one another. This was due to the air sensitivity of the complex formed. The j
latest microanalysis is closer to (Et4 N )(N O )2 F eS 2 M oS2 F e (N O )2 , but is still well outside 
the normal tolerance levels of the microanalyser. Further work is required.
Attempted preparation of Fe2 ((S C H 2 )2 CgH4 )(N 0 ) 4
To a solution of N a2 [F e2(M '2"^ 2^3^2^*^^ )4 Î (1g.2mmol) and N a2 S 2 0 3 .5 H 2 0  
(1g,4mmol) in water(50ml), was added o-xylene-dithiol (2.5g,15 mmol) in NaOH(aq). 
The product was extracted in to CH2 CI2 . The red solution was dried over CaCl2 , and the 
solvent removed to obtain a red-black solid. Attempts to purify this material have failed.
I.R .,(C H 2 C l2  solution), l/NO asym  1779, 1/N0sym1751 cm’ ^. Mass-spec., M*  ^ = 400, 
with sequential loss of four NO ligands.
Reaction with L-Cysteine
To a solution of N a 2 [F e 2 (P 2 " ^ 2 ^ 3 )2 (^ ^ )4 ]  ^9, 3mmol) and Na2 S 2 0 3 .5 H2 0
(1.5g,6mmol) in water (50ml) was added a solution of L-Cysteine (4g,17mmol) in 
NaOH(aq) (1g in water(50ml)). A reaction was obvious, but no material extracted into 
C H 2 CI2 - The water was removed, and the solid extracted with M eOH. A purple solution 4
resulted. On standing in air the solution turned brown. I.R., of the purple or brown solutions 
do not show the presence of coordinated NO.
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Preparation of Aryl diazo compounds
All aryl diazonium compounds used in this study were produced using the same general 
procedure. The preparation outlined for para-fluorobenzenediazonium tetraflouroborate can 
be used with the straightforward modification for all the other diazonium compounds.
Para-fluoroaniline (6 .36g , 0.057m m ol) and HBF4  (30ml, 50%  v/v) are stirred 
together in an ice/salt bath. NaN0 2  (3,96g,0.057mmol) in ice/water(10mi) was added
dropwise to the solution of amine at such a rate that the temperature did not rise above 
-5 °C . After complete addition, the mixture was stirred for a few minutes and then filtered. 
The solid was not washed. The white solid was dissolved in CH3 CN (30ml) and precipitated
by the addition of a large excess of solvent ether. The white crystalline solid was filtered off 
and the crystallisation procedure repeated. The solid was washed with ether and dried at the 
water pump. Yield 75%. Structure confirmed by I.R. spectroscopy (the loss of the amine
peaks and the presence of 1/N 2 ), and by n.m.r., in CD3 CN.
The yields for other diazonium compounds range from 62% for the para-acetyl 
benzenediazonium salt to 92% for the para-methylbenzenediazonium salt. All structures 
were confirmed by I.R. spectroscopy and n.m.r.
Preparation of the para-fluorophenyl ester of Roussin's Red Salt 
A solution of Na[Fe4 S3 (N 0 )y] (1.18g, 2.1 mmol) in CH3 CN (20ml) which was cooled to
0 ° C . p -FC 6 H 4 N 2 B F4 (3 g, 14mmol), freshly crystallised from CH 3 CN/soivent ether, in
ice-water(25ml) was added in one amount under nitrogen. The solution was stirred for 
twenty minutes. Water (200ml) was added and the solid filtered off. It was washed with 
water (2x50ml), dissolved in CH 2 CI2  (200ml) and dried over MgSO^. The solvent was 
reduced in volume and the material purified by column chromatography (silica 1 0 x1 0 , 
CH2 CI2 )- The solvent was removed and the solid recrystallised from CH2 Cl2 /MeOH to obtain
Fe2 (SC 6 H4 F)2 (NO )4  . Yield 97% based on available sulphur.
Microanalysis; calculated for Fe2S2 C  ^2^ 8^ 2 ^ 4^ 4 ' expected C 29.6, H 1.7, N 11.5%; 
obtained C 29.6, H 1 .6 , N 11.2%. Melting point 150°C - decomposes. I.R.,(CCl4  solution)
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1/NOgsym 1789cm"^, V N 0gy^1763cm "\ Mass-spectrum, M+ 486, sequential loss of NO, 
456,426,396,366. n.m.r., 3 112.8,113.4 ppm (JHa 8.05Hz, J Hb 5.21 Hz).
n.m.r., Ca, C a ', 3 161.67,161.44ppm ( JOF 250.25, 249.95 Hz); Cb, Cb', 3 115.6 ppm 
(JC C F, 22.34Hz); Cc, Cc‘, 3 131.34,131.09 ppm ( JCCCF, 8.30 Hz, 8.45 Hz); Cd, Cd’,
3 ,133.66,133.47 ppm (JCCCCF, 3.24, 2.94 Hz). Ratio of heights C /C  = 0.86. ^H 
n.m.r., two complex quartets, 3 7.10, 7.07 ppm; two complex triplets, 3 6.86, 6.83 ppm.
Preparation of F e2 (S C 6H g )2(N 0)4
The preparation of this cluster followed the method used for the p-fluorophenyl ester.
Purified by column chromatography (silica, GH2 CI2 ). Yield 87% based on available
sulphur. Melting point 150-152°C. I.R., (CH2CI2  solution) VNOggy^l787cm"^, 1/NOgy^
1762cm"^. Mass-spec., M"** 450, sequential loss of MO; 420, 390, 360, 330.
Preparation of Fe2 (SC 6 H4 M e)2 (N O )4
The preparation of this cluster followed the method used for the p-fluorophenyl ester. 
Mass spectrum, M’’’ 478, sequential loss of NO; 448, 418, 388, 358. I.R., (CCI4  solution)
l/N O g g yp .,1 78 3c m "^ , l/NO gyg^ 17 5 7 c m " \  ^H n.m.r., (CS2 , CgDg solution, complex
multiplet at 3 7.0 ppm, complex splitting at 3CHg 2.25ppm, ratio of peaks 4:3.
Preparation of Fe2 (SCgH4 0 M e)2 (N 0 ) 4
The preparation of this cluster followed the method used for the p-fluorophenyl ester. 
Mass spectrum, M+ 510, sequential loss of NO; 480, 450, 420, 390. l.R.,( CH2 C I2
solution) l/N O g g y p p I 7 8 4 c m "^ , 1/ NOgypg 1 7 5 6 c m '^ .^ H  n.m.r., quartet, 9 7.0 ppm; 
singlet, OCHg 3.6 ppm, ratio of peaks 4:3.
Preparation of Fe2 (SC6 H4 CO CHg)2 (NO )4
The preparation of this cluster followed the method used for the p-fluorophenyl ester. 
Mass spectrum, M"^  534, sequential loss of NO; 504, 474, 444, 414. l.R.,( CH2 C I2
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solution) VNOggy,^ 1792 cm '^ , V N O g y ^  1766cm"'*, V C O  1688cm "^.'*H n.m.r., singlet, 
9CH.3 2.59ppm; multiplets, 97.25, 7.38, 7.84 ppm. Ratio of peaks 2:2:3. n.m.r., CHg
28.6ppm; C .0 196.8ppm; Cg/^ 145.3,145.1 ppm; Cg/j^ 136 .7 ,136.5ppm; 130.8,
130.6 ppm; 128.7ppm.
Preparation of Fe2(S C 6H 4N 02)2(N O )4
The preparation of this cluster followed the method as used for the p-fluorophenyl ester. 
The material obtained was found to be very air sensitive and no peak was obtained from 
the mass-spectrum. The mass-spectrum, however gives fragments which are assignable to 
mercaptoaryl compounds. Microanalysis; calculated for Fe2^2^12*^8*^6^8" expected C
26.7, H 1.5, N 15.6%; obtained C 26.5, H 1.4, N 15.4% . I.R .,{C H 2 C l2  solution),
l/N O asym =1790, l/N O s y m = 1 7 6 0 c m " \ n.m.r., 9H 7.4 (broad), 8.2ppm (broad), ratio 
of 1:1. n.m.r., no evidence of peak splitting, 9Ca/d 148; 9Ca/d 143; 9Cb/c 132; 9Cb/c
125ppm .
Preparation of Fe2 (SC 6 H4 C I)2 (N O )4
The preparation of this cluster followed the method as used for the p-fluorophenyl ester. 
The material obtained was found to be very air sensitive and no M*  ^ peak was obtained from
the mass-spectrum. I.R., (CH2 CI2  solution) VNOggyj^1787cm "^, V N O g y ^  1759cm"^;^H
n.m.r., (CDCI3 ) 9 7.25 ppm ( b r o a d ) . n . m . r . ,  poor spectrum but suggests evidence for
the existance of cis/trans isomers; 9C a/d 134.2 ,132.7ppm(cis/trans); 9C a/d 133, 
132.5; 9Cb/c 131.4; 9Cb/c three splittings 128.6 (principle peak)128.5, 128.4ppm  
(making the interpretation difficult).
Preparation of Fe2 (SC 0 H4 CN)2 (N O )4
The preparation of this cluster followed the method as used for the p-fluorophenyl ester. 
The material obtained was found to be very air sensitive and no M^ peak was obtained from
the mass-spectrum. I.R .,(THF solution) V N 0 g g y ^ 1 7 9 1 c m "^ , l /N O g y ^  1763cm"^, l /C N
2 22 9c m "^ ;^ H  n.m.r., (CDCI3 ) 9 7.95 ppm (broad).
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Reaction of Fe4 S4 (NO ) 4  with P-FC6 H 4 N 2 BF4
Fe4 S 4 (N O )4  (0.15g, O.Smmoi) in CH 2 C I2  (30ml) was added to P-FC6 H 4 N 2 B F 4  
(1.4g, 6.7mmol) in CH3 CN (2 0 ml). The mixture was stirred for eight hours, a steady 
evolution of gas occurred for the first twenty minutes. The solution was added to water 
(200ml) and the CH2 CI2  layer separated, washed with water (3x40ml), and dried over
CaCl2 . The solution was reduced to dryness. The yield of Fe2 (SCgH4 F)2 (NO )4  was low <5%  
based on iron. I.R., (CH2 CI2  solution) v N 0 g g y ^ 1 7 9 1 c m " \ t /N O g y ^  1764cm "\
Reaction of Na[Fe4 S3 (NO)y] with ^ 0 3 8 1
To a deoxygenated solution of Na[Fe4 S 3 (NO)y] (0.5g, 0.9mmol) in water (50ml) was 
added M e3 SI (1g, 4.9mmol) in water (50ml). A precipitate formed. The solution was
filtered and washed with w ater-(2x100ml). The solid obtained was dissolved in acetone 
(100ml) and petrol (B.Pt. 60-80°C , 30ml) added to the solution. The solution was reduced 
in volume to produce lustrous black crystals. These were filtered off, washed with petrol 
(B.Pt. 4 0 -6 0 °C , 2x50ml) and pumped dry for ten hours. Yield of IVIe3 S [F e 4 S 3 (N 0 )y ],
0.35g, 64%.
Microanalysis; calculated for Fe4 S 4 C 3 H g N yO y; expected C 5.9, H 1.5, N 16.1%, 
obtained C 6.0, H 1.3, N 16.1%.
I.R., (CH3 CN solution) l /N O , lOOOcm""*,1747cm'^ and 1712cm'^.
Refluxing the solid in CH3 CN with or without added base caused no change in the I.R.
spectrum nor was any change observed by T.L.C. (Silica gel, acetone or ethanol). The solid 
was recovered unchanged at 98% yield.
Reaction of Na[Fe4 S3 (NO)y] with MegSOI
N a [F e 4 S 3 (N O )y j (1g, 1.8mm) in Methanol (20ml) had MegSOl (0 .4g ,1 .8 mm) in 
methanol/water (20ml, 1:1) added to It under nitrogen. A precipitate formed which was 
obtained by filtration, washed with water (4x50mj) and dried over P2 O 5  under vacuum.
Yield of Me3 SO IFe4 S3 (NO)y] 0.79g, 70%.
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Microanalysis; calculated for F b ^S ^C g H g N yO g ; expected C 5.8, H 1.5, N 15.7%; |
obtained C 6 .2 , H 1.3, N 15.4%. I.R., (CHgCN solution) 1/N O  18 0 0 c m '\  1747cm“'* and 
17 10 c m "'*.
Reflux of the solid in MeOH/water for six hours under nitrogen caused no change in the 
I.R. spectrum and the material was recovered unchanged.
Reaction of Na[Fe4 Sg(N0 )y] with MogOBF^
N a[Fe4 8 g(N 0 )y] (0.5g, O.Gmmol) and MegOBF^ (3g,20mmol) are stirred together in 
water (20ml). A precipitate formed which was redissolved by the addition of methanol 
(10ml). CHgClg (100ml) was added and the solution stirred for ten minutes. The organic 
layer was separated off and reduced to dryness, to obtain a red/black solid. The solid was 
purified by column chromatography (silica 1 0 x1 0 , CHgClg), the brown/orange band
moving with the solvent front was collected. Removal of the solvent revealed a red/black 
crystalline material.
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I.R .,(C H 2 C l2  solution) VNOggyg^ 1779cm"^, l/NOgy^g 1752cm"^. Mass spec., M"*" 
326, sequential loss of NO; 2 9 6 ,2 6 6 ,23 6 ,20 6 .  ^ H n.m .r., was consistent with 
Fe2(SMe)2(NO)4.
Reaction of Na[Fe4 Sg(N0 )y] with EtgOBF4
N a[Fe4 Sg(N O )y] (0.5g,0.9mmoi) was added to a solution of EtgOBF4  (20ml, 1.0M in 
C H 2 C*2 ). The solution was stirred overnight under nitrogen,(after 15 minutes the solution 
appeared reddish and some insolubles were present). Water (100ml) was added and the 
organic layer separated and dried over MgS0 4 . The solvent was reduced in volume and the i
material purified by column chromatography (silica 10x5cm, C H 2 C I2 ). Removal of the 
solvent revealed 0 .12g of a red/black solid. Yield 28% of Fe2 (SEt)2 (N O )4 .
I.R., VNOggypp 1776cm '^, T /N O gy^ 1 7 5 0 c m '\ Mass spec., M"^  354, sequential loss 
of NO; 324, 294, 264, 234.
- ->• . . .
Reaction of Na[Fe4Sg(N0)y] with MegOSbClg
N a[Fe4 Sg(N 0 )y] (1.0g, 1 .8 mmol) dissolved in CHgCN had MegOSbClg (3g,7,6mmoI)
added to it. On addition the extreme smell of thiol was evident. After ten minutes the I.R. 
spectrum showed the presence of both Roussin's Black Salt and a dinitrosyl species. After 2  
hours of stirring complete decomposition had occurred. On repeating in H gO /C H gC lg ,
following the procedure for the reaction of the Black Salt with M egO B F^, a red colour 
developed in the organic layer. This was identified by I.R. as being Fe2 (S M e )2 (N O )4 , 
assignment confirmed by mass-spec.
Reaction of Na[Fe4 Sg(N 0 )y] with 2-methyl,2-iodo propane
N a[Fe4 Sg(NO )y] (0.5g, 0.9mmol) was dissolved in methanol (30ml). A large excess of
2-methyl,2-iodo propane was added and the solution refluxed under nitrogen for 5 hours. 
During'this period the solution turns from black to bright red. The solvent was removed 
under vacuum and oil pumped dry for 24 hours. A red solid identified as Fe2 l2 (N O )4  was
obtained, yield= 0.17g, 38% . I.R .,(C H 2 C l2  solution) V N O g g y jy ,=  1810 cm '^ ,
1/  N O g y ^ = 1 7 6 7  cm '^. Mass spec., M+ 486, sequential loss of NO; 456,426,396,366; 
other peaks correspond to iron and iodo fragments.
Reaction of MegS [Fe4 Sg(NO)y] with sodium benzophenone
Benzophenone (0.3g, 1.6mmol) was stirred with an excess of sodium wire in 
ether(2 0 ml). The solution was filtered under nitrogen into a flask containing MegS
[F e 4 S g (N O )y ] (1g, 1.65mmol). The solution was stirred for 8  hours. The solvent was 
removed. The solid obtained was dissolved in C H gC lg  and purified by column 
chromatography (silica 10x5cm, C HgClg). An orange/brown band was collected. The 
solvent removed to obtain 0.08g of a red/black solid. Yield 23%  of Fe2 (S M e )2 (N O )4 . 
Characterised by I.R. and mass-spec.
EHMO Calculations
Extended Hückel Molecular Orbital Calculations[24,25] were based on experimental 
geometries, and used atomic parameters available from the literature[26,27,28]. The
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calculations were performed on a VAX 11/785 computer.
Molecular Graphics were obtained using the Chem-X graphics package (Oxford).
Crystal Structure Determination of [N(PPhg)2 ][Fe2 (S 2 0 g)2 (N 0 )4 ]
Crystals of [N (PPhg)2 ][F e 2 (S 2 0 g )2 (N O )4 ] suitable for X-ray examination were 
grown from 1 ,2 -dichloroethane.
Crystal Data; C 7 2 H 6 o F e 2 N 6 ^ 1 0 *^ 4 2 4 - M =1533.13, triclinic, CX = 1 0 .9 9 9 (5 ) ,  
b = 1 2 .7 4 8 (4 ) , 0 = 1 4 .0 2 0 (7 ) A, CX = 6 7 .1 3 (4 ), 6  = 8 3 .3 1 (4 ), V = 9 3 .8 7 (3 )° ,
U = 1 7 8 5 .2 Â ^ , space group P I (no.2), Z=1, D^ =1.43gcm “®, p(Mo-K(^)= 6.17 cm "*, 
A = 0 .71 0 69 Â , F(OOO) = 790.
Data Collection [49]; CAD4 diffractometer using graphite monochromated Mo-K^
radiation 00-20  scan mode, 1 .5 ^ < 2 5 ° . 6152 Reflections measured, of which 5954 unique 
and 5183 with Fq > 4o (Fq).
Structure solution and refinement; Patterson method, followed by SFLS and 
Fourier-difference cycles. The asymmetric unit comprises one [N(PPhg)2 ]'^  cation and
half of the anion. All non-hydrogen atoms were refined anisotropically, and all hydrogen 
atoms were refined with individual Isotopic thermal parameters. The weighting scheme 
w = 1 /[o ^ (F q ) + 0.00054Fq^] gave final R and R' values of 0.034 and 0.056, with 563
refined parameters, programs and computers used, and sources of scattering factor data, 
were as given in reference [49].
Final refined co-ordinates for the non-hydrogen atoms are given in table 3-1. Bond 
lengths and angles for the anion are given in table 3-2. A perspective view of the unit cell, 
showing the trans conformation of the anion is given in figure 3-2, a perspective view of 
the anion, showing the atom-numbering scheme, is given in figure 3-3.
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Crystal Structure Determination of [MegS][Fe4 Sg(NO)y]
Crystals of [M egS][Fe4 S g (N 0 )y] suitable for X-ray examination were grown from 
acetone.
Crystal Data; C g H g F e ^ N y O y S ^ , M =606.812, triclinic, a = 9 .655(2 ), b = 11.707(3 ), 
c=8.968(1) Â, IX =106.11(2), B =91.78(3), V = 84 .92(2)°, U=970.04Â®, space group 
PI , Z=2, Dç =2.08gcm ‘ ®, p(M o-K^)= 6.17 cm ''*, À =0.71069Â , F(OOO) = 600.
Data Collection [49]; CAD4 diffractometer using graphite monochromated Mo-K^ ,^
radiation W -2 8  scan mode, 1.5<0<25°. 3666 Reflections measured, of which 3406 unique 
and 2553 with F q  > 3d ( F q ) .
Structure solution and refinement; Patterson method, followed by SFLS and 
Fourier-difference cycles. The unit comprises of one [MegS]*^ cation and the anion. All 
non-hydrogen atoms were refined anisotropically, and all hydrogen atoms were refined with 
individual isotopic thermal param eters. The weighting scheme w = 1 / [ o ^ ( F q )  +
0.00002Fq ]^ gave final R and R' values of 0.041 and 0.042, with 244 refined parameters.
programs and computers used, and sources of scattering factor data, were as given in 
reference [49].
Final refined co-ordinates for the non-hydrogen atoms are given in table 3-5. Bond 
lengths and angles for the anion are given in table 3-6. A perspective view of the unit cell, 
showing the atom-numbering scheme, is given in figure 3-20. A perspective view of the 
cation, showing its observed disorder, is given in figure 3-21.
The two crystal structure determinations were carried out by the S.E.R.C. crystal 
service at Queen Mary College, London.
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Results and Discussion
Part One
3-1 Thiosuiphato Complexes
A salt described as potassium dinitrosylthiosulphatoferrate, 2 K[(N0 )2 peS 2 0 g].H 2 0
was first produced in 1895 by Hofmann and Weide. Unlike the Roussin esters which have 
been extensively studied and are known to exist as dimers both in solution and in the solid 
state, the thiosuiphato complex was less well known. On the basis of its diamagnetism and Its 
infra-red spectrum [31] it was assumed to have a dimeric structure similar to that of the 
alkyl esters of Roussin’s Red Salt.
The thiosulphate ion, SgOg^" (1), closely resembles the SO^^" ion in structure and
can act as a monodentate (2), a bidentate bridging ligand (3), both coordinating through 
sulphur or as a dihapto chelating ligand (4) [30].
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Hence it is possible that the complex could have some structure other than the dimeric 
one proposed. This possibility is particularly justified considering the uncertainty over the 
charge associated with the com plex. Based on a limiting stoichiometry of 
[Fe(N 0 )2 S 2 0 g]Q^, values of m/n of 3 [31] and 1 [14] have been cited.
In this chapter we report the crystal structure of the thiosuiphato complex, improved 
methods of synthesis and also some of its properties and reactions.
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3-2 Preparation of N a[Fe(N 0)2S 20g ] from Nitric Oxide, NO
The early preparative methods used for the thiosuiphato complex involved the use of 
Fe2l2(ND)4. This route was found to be rather inconvenient and the resulting complex
difficult to purify. Fe2*2(*^^)4 *^ self is difficult to prepare and purify and since its
preparation involves the use of NO(g) [29], it is also an expensive route and unsuitable for 
^^N labelling. The original method used by Hofmann and Weide [3] involved bubbling NO{g) 
through aqueous solutions of ferrous ion and thiosulphate ion. Using this method with 
ferrous sulphate and sodium thiosulphate, yields of around 90% were obtained of the 
thiosuiphato complex, along with a small amount of ferric oxide. By metathesis the 
bis(triphenyl phosphoranylidene) salt (PNP) and the Et4N salts were produced for 
analytical purposes. The microanalysis of the PNP salt was consistent with a stoichiometry 
of (PNP)[Fe(N0)2S20g] and confirmed the ratio of m/n as 1. The Et4N salt was examined
for iron by atomic absorption (calculated for an aqueous solution containing a 
theoreticalt 2.4ppm of Fe; obtained 9.6ppm) the result also helped to set m/n as 1. The I.R. 
spectrum of the PNP salt in dichloromethane solutions confirms the existence of the 
dinitrosyl iron fragment Fe(NO)2; two absorptions can be assigned to the symmetric and
asymmetric i/NO stretching modes. This method of preparation is completely analogous to a 
method used for the preparation of the alkyl esters of Roussin's Red Sait [5,6].
3-3 Preparation of Na[Fe(N0)2S20g] from Nitrite Ion.
Since we were interested in obtaining the structural characterisation of this material 
in solution as well as in the solid state, we required a method of labelling the nitrogen atoms 
with ^^N. A method using nitrite ion which was based on the preparation from NO(g) was 
developed;
FeS04 + 4NaN02 +4Na2S20g —> Na[Fe(N0)2S20g] + Green Material + iron oxide
Compared to the method using NO(g), this procedure gives a more modest yield (40%) 
and more rust was produced as a by-product suggesting that the nitrite was oxidising 
ferrous to ferric ion. At first this preparation was carried out in the presence of NaOH (used 
to stabilise the thiosulphate ion), however Fe(ll) and thiosulphate in the presence of NaOH
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produced black insoluble material and the yield of the thlosulphato complex was low 
(5-10%). Changing the reaction stoichiometry to 2:2:4 (Fe^+i 8203^': NO2") with no
added hydroxide, gave the sait in approximateiy half the normal yield although there was 
less green material produced, whereas a reaction stoichiometry of 4 :8:4 gave an increased 
yield of the salt (60% based on available NO2")-
Addition of nitrite to a solution of a ferrous salt produces a brown solution which on 
standing will release N02(g) with the production of ferric hydroxide. In the presence of
thiosuiphate ion the liberation of NO2 was not observed although the production of ferric 
hydroxide stiii occurs. It is noteworthy that in the formation of Roussin's Black Salt copious 
quantities of N02(g) are liberated. The reaction of ferrous sulphate and sodium nitrite with 
sodium thiocyanate in a similar manner to that used for the thlosulphato complex anion does 
not produce the expected Fe2(SCN)2(NO)^, but on standing the solution turns blood red and
a vigorous liberation of N02(g) occurs. These observations suggest that the nitrite oxidises
ferrous to ferric iron. The addition of thiocyanate to solutions of Fe(lll) to produce 
blood-red solutions is a normal test for the presence of ferric ion. The nitrite is reduced to 
NO(g) which in the presence of oxygen produces N02(g). in the presence of thiosuiphate the
solutions are stabilised against the release of NO(g) and suggests that the complexation of 
thiosuiphate to the iron produces a species which is stable towards oxidation by nitrite; this 
does not occur with thiocyanate ion.
The preparation of the thlosulphato complex involves an extraction with acetone. It was 
observed that after a few extractions no further colour developed immediately in the solvent. 
On stirring for a few minutes the solution darkened considerably. If the acetone was decanted 
off and the procedure repeated a few times the ultimate yield of the salt increased to a 
maximum of about 40%. If however, after a few extractions with acetone, the solid 
remaining was dissolved in water and Bu^NBr was added to this green solution followed by
extraction into CH2Ci2 , the complete decolouration of the aqueous layer and the formation of 
a brown solution in the organic layer occurred. The i.R. spectrum of the material obtained 
from the organic layer was identical to that of Bu^N[Fe(N0)2S203]. The identity of the 
green material is discussed In section 3-7-3 .
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The result of this work was to show that the material obtained through the action of 
nitrite ion on solutions of ferrous and thiosuiphate ion was the same material obtained 
through the action of NO(g) on similar solutions.
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3-4 The Crystal Structure of (Ph3PNPPh3)2[Fe2(S20g)2(N0)^]
Crystals of (PhgPNPPh3)2[Fe2(S203)2(N0)^] suitable for X-Ray examination were
grown from 1,2-dichloroethane. The structure consists of isolated ions. The thlosulphato 
complex was found to be dimeric and so was renamed the Thiosuiphate Analogue Ester of 
Roussin's Red Salt. The anion lies across a centre of inversion, the Fe2S2 ring is strictly
planar and the pendant SO3 groups are on opposite sides of the ring, giving rise to the trans
or C2|^  structure (figure 3-2). This structure is observed for the neutral Roussin Esters
F02(SR)2(NO)4 (RcCHgfSZ), CgHc/GS), n-C5 H ^ / 32 ) gnd The
dimensions obtained (table 3-2) are very similar to those observed for the neutral species; 
in particular the Fe-N-0  angles are all found to be approximately 170^, and the Fe-Fe 
distances lie in the range 2.686-2.713Â. The two Fe-N-0  fragments of each Fe(N0)2 group
are bent towards each other, (see chapt 2 ). The dimensions of the S-SO3 fragment are 
similar to those found in the [8(8203)2]^" and [82(8203)2]^ ions(^'^'^^),(c.f.,
section 3-1). The 8 -8 -0  angles found in (Ph3pNPPh3)2[Fe2(8203)2(N0)^] are 
significantly less than tetrahedral, while the 0 -8 -0  angles are greater. The two independent 
P-N distances in the cation are 1.584(4)Â  and 1.587(4)Â, and the P-N-P angle is 
1 3 4 .5 (1 ) ° .
The crystal structure determination clearly shows the dinuclear character of the ion, 
figures 3-2 and 3-3 show a perspective view of the unit cell and a view of the dianion 
respectively. This structural determination and the elemental analysis of the PNP salt shows 
that the charge associated with the ion is 2-. The near linearity of the Fe-N-0  fragments 
indicates that the nitrosyl ligands are bound formally as NO"*" which in turn indicates that «1 
the irons are formally Fe(-1). As explained in chapter two these ideas of formal charge are 
only used as electronic book-keeping and should not be taken too literally.
y z
F e < l ) 4 4 6 9 ^ 7 ( 3 ) 4 1 2 8 , 6 ( 2 ) 4 8 0 2 , 3 ( 2 )
S < 1 ) 4 3 9 1 , 8 ( 5 ) 4 2 4 6 , 9 ( 4 ) 6 3 6 3 , 1 ( 4 )
S<2> 4 3 4 7 , 8 ( 6 ) 6 8 4 6 , 9 ( 5 ) 2 7 5 6 , 4 ( 4 )
N ( l ) 3 0 4 5 ( 2 ) 4 1 5 6 ( 2 ) 4 5 0 9 ( 2 )
N < 2 ) 5 2 1 9 ( 2 ) 3 0 2 8 ( 2 ) 4 8 1 6 ( 2 )
0 ( 1 ) 2 0 8 7 ( 2 ) 4 0 5 1 ( 2 ) 4 2 7 2 ( 3 )
0 ( 2 ) 5 5 7 6 ( 2 ) 2 1 9 8 ( 2 ) 4 8 0 0 ( 2 )
0 ( 3 ) 6 0 5 4 ( 2 ) 3 7 5 6 ( 2 ) 7 8 4 2 ( 2 )
0 ( 4 ) 6 6 0 8 ( 2 ) 3 0 6 5 ( 2 ) 6 5 1 7 ( 2 )
0 ( 5 ) 4 8 2 0 ( 2 ) 2 1 3 6 ( 2 ) 7 8 5 0 ( 2 )
P ( l ) 1 4 3 8 , 8 ( 5 ) 2 7 8 6 , 7 ( 4 ) 1 0 1 6 3 , 1 ( 4 )
P ( 2 ) 1 8 8 , 4 ( 5 ) 1 9 1 7 , 4 ( 4 ) 1 2 3 3 0 , 7 ( 4 )
N ( 3 ) 4 4 4 ( 2 ) 2 7 0 1 ( 2 ) 1 1 1 1 2 ( 1 )
C ( l ) 2 5 6 5 ( 2 ) 4 0 2 6 ( 2 ) 9 7 9 2 ( 2 )
C ( 2 ) 2 4 7 0 ( 2 ) 4 7 3 9 ( 2 ) 1 0 3 3 3 ( 2 )
C ( 3 ) 3 2 8 1 ( 3 ) 5 7 4 0 ( 2 ) 9 9 8 6 ( 2 )
C ( 4 ) 4 1 6 5 ( 3 ) 6 0 2 8 ( 2 ) 9 1 2 7 ( 2 )
C < 5 ) 4 2 7 8 ( 3 ) 5 3 1 3 ( 2 ) 8 6 0 0 ( 2 )
C ( 6 ) 3 4 8 7 ( 2 ) 4 3 1 1 ( 2 ) 8 9 4 0 ( 2 )
C ( 7 ) 2 1 8 7 ( 2 ) 1 5 1 9 ( 2 ) 1 0 3 9 7 ( 2 )
C ( 8 ) 3 4 0 5 ( 3 ) 1 4 6 7 ( 3 ) 1 0 5 2 5 ( 2 )
C ( 9 ) 3 8 6 7 ( 4 ) 4 0 3 ( 4 ) 1 0 7 8 5 ( 3 )
C ( I O ) 3 1 2 9 ( 4 ) - 5 5 3 ( 3 ) 1 0 8 9 6 ( 3 )
' C ( i l ) 1 9 2 3 ( 4 ) - 5 0 4 ( 2 ) 1 0 7 7 1 ( 2 )
C ( 1 2 ) 1 4 4 9 ( 3 ) 5 3 4 ( 2 ) 1 0 5 1 7 ( 2 )
C ( 1 3 ) 6 9 0 ( 2 ) 2 9 9 5 ( 2 ) 9 0 4 1 ( 2 )
C ( 1 4 ) 1 2 1 9 ( 3 ) 2 7 1 9 ( 2 ) 8 2 2 9 ( 2 )
C ( 1 5 ) 6 4 8 .(3 ) 2 9 3 9 ( 3 ) 7 3 6 0 ( 2 )
C ( 1 6 > - 4 5 5 ( 3 ) 3 4 1 7 ( 3 ) 7 2 9 5 ( 2 )
C ( 1 7 ) - 9 7 4 ( 3 ) 3 6 8 3 ( 2 ) 8 0 9 2 ( 2 )
C ( 1 8 ) - 4 1 1 ( 2 ) 3 4 7 5 ( 2 ) 8 9 7 2 ( 2 )
C ( 1 9 ) 1 5 3 2 ( 2 ) 1 3 3 2 ( 2 ) f 2 8 5 7 ( 2 )
C ( 2 0 ) 1 6 8 3 ( 3 ) 1 7 7 ( 2 ) 1 3 1 3 2 ( 2 )C < 2 1 ) 2 7 7 9 ( 3 ) - 2 0 1 ( 3 ) 1 3 4 4 7 ( 3 )
C ( 2 2 ) 3 7 1 1 ( 3 ) 5 4 1 ( 3 ) 1 3 4 8 1 ( 3 )
C ( 2 3 ) 3 5 7 0 ( 3 ) 1 6 8 8 ( 3 ) 1 3 2 1 8 ( 2 )
C ( 2 4 ) 2 4 8 0 ( 3 ) 2 0 8 2 ( 3 ) 1 2 9 0 0 ( 2 )
C ( 2 5 ) - 1 0 2 7 ( 2 ) 7 6 3 ( 2 ) 1 2 6 3 4 ( 2 )
C ( 2 6 ) - 1 6 1 9 ( 2 ) 6 6 3 ( 2 ) 1 1 8 ^ 7 ( 2 )
C ( 2 7 ) - 2 6 0 0 ( 3 ) - 1 9 2 ( 3 ) 1 2 0 9 9 ( 3 )
C ( 2 8 > - 2 9 9 0 ( 3 ) - 9 2 7 ( 3 ) 1 3 1 2 8  ( ^ )
C ( 2 9 ) - 2 4 0 3 ( 3 ) - 8 3 9 ( 3 ) 1 3 8 9 5 ( 3 )
C ( 3 0 ) - 1 4 2 8 ( 3 ) - 1 ( 2 ) 1 3 6 6 8 ( 2 )
C ( 3 1 ) - 3 9 7 ( 2 ) 2 7 3 0 ( 2 ) 1 3 0 3 7 ( 2 )
C ( 3 2 ) - 1 1 4 5 ( 3 ) 3 5 6 8 ( 2 ) 1 2 5 7 8 ( 2 )
C < 3 3 ) - 1 7 2 8 ( 3 ) 4 1 0 1 ( 3 ) 1 3 1 6 7 ( 3 )
C ( 3 4 ) - 1 5 7 5 ( 3 ) 3 8 0 9 ( 3 ) 1 4 1 8 5 ( 2 )
C ( 3 5 ) - 8 4 1 ( 3 ) 2 9 8 5 ( 3 ) 1 4 6 3 7 ( 2 )
C ( 3 6 ) - 2 4 6 ( 3 ) 2 4 4 8 ( 3 ) 1 4 0 6 8 ( 2 )
Table 3-1
Fractional Atomic Coordinates (xIO"^ ) 
for{N(PPh3)}IFe2(S203)2(NO)4]
Table 3-2
Bond Lengths and Angles for the Dianion ^62(8203)2(^0)/^)^'
(a) Bond lenqths/A
Fe(l)-Fe{l)s 2-713(4) N(l)-0(1) 1-156(5)
Fe(l)-Sd) 2-244(3) N(2)-0(2) 1.161(4)
Fe(l)-S(l)a 2.252(3) S(l)-S(2) 2.171(3)
Fe(l)-N{l) 1.665(4) S(2)-0(3) 1.425(4)
Fe(l)-N(2) 1.669(4) S(2)-0(4) 1.418(4)
S(2)-0(5) 1.430(4)
(b) Bond angles /° •
S(l)-Fe(l)-S(l)^ 105-7(2) Fe(l)-S(l)-Fe(l)a 74.3(2)
S(l)-Fe(l)-N(l) 107-6(2) Fe(l)-S(l)-S(2) 107-5(2)
S(l)-Fe(l)-N(2) 109.3(2) Fe(l)^-S(l)-S(2) 108.6(2)
S(1)^-F€(1)-N(1) 107.3(2) S(l)-S(2)-0(3) 102.3(2)
S(l)a-Fe(l)-N(2) 107-8(2) S(l)-S(2)-0(4) 108-0(2)
N(l)-Fe(l)-N(2) 118-3(2) S(1)-S(2)-0(S) 100-1(2)
Fe(l)-N(l)-0(1) 170.7(3) 0(3)-S(2)-0(4) 113.8(2)
Fe(l)-N(2)-0(2) 169.9(2) 0(4)-S(2)-0(5) 116-6(2)
0(5)-S(2)-0(3) 113.6(2)
Key to symmetry operation relating designated atom to reference atom at 
X, y, z;
1.0-x, 1.0-y, 1.0-2.
Figure 3-2
Perspective View of the Unit Cell of {N(PPh3 )}2 l Fe2 (S2 0 3 )2 (N0 )4 ]
■ Î 6 .t_v> .

3-5 The n.m.r. spectrum of (P h g P N P P h g )2 [F e2 (S 20 g )2 (^ ^ N 0)4 ]
The PNP salt of the thiosuiphate analogue ester of Roussin's Red Salt was produced with 
all the nitrogen atoms of the nitrosyl groups labelled with ^®N at 99% enrichment. The ^^N 
n.m.r (figure 3-4) consists of a sharp singlet both In CDCI3  and CD2 CI2 . The spectrum was 
found to be unchanged between 4-30°C and -60°C . This spectrum Is unlike the ^^N spectra 
of Fe2 (S R )2 (NO ) 4  which consist of a singlet assigned to the trans 0 2 ^ conformer, and a
pair of doublets forming an AX system, assigned to the cIs C2 y conformer [36,37], (figure 
3-5). The spectrum of the [Fe2 (S 2 0 3 )2 (N 0 ) 4 ]^" ion Indicates therefore, that only the 
trans Isomer Is present in solution. From  ^H n.m.r coalescence data the barrier to inversion 
of the trans <==> cIs Interconversion for Fe2 ( SR) 2 (N O )4  was found to be of the order of
60-80 KJ mol"^ for R=alkyl [5]. Since on cooling the solution In CDCI3  to -6 0 °C no 
evidence for the existence of the cis Isomer was obtained It Is unlikely that the barrier in 
[Fe2 (S 2 0 3 )2 (N O )4 ]^‘ Is so low that the Interconversion is fast on the n.m.r. timescale at 
this temperature.
The ^^N chemical shift obtained shows, on the basis of the criterion of a linear M-NO 
moiety [38,39,40], that the approximately linear Fe-N-O fragments found In the solid 
state are also preserved in solution, and so the formal oxidation state of the Iron is also 
F e ( - 1 ) .
Solutions containing the [Fe2 (S 2 0 3 )2 (N O )4 ]^“ Ion are stable for long periods of time 
in the absence of oxygen. Upon exposure to air the ^^N n.m.r spectrum shows the presence 
of [Fe4 S 3 (^^NO)y]" along with [^^N0 3 " ] and [^^N0 2 '],(figure 3-6). The production
of Roussin's Black Salt was found with acetone solutions of the thiosuiphate ester which had 
been left open to the atmosphere for a period of time so this result Is not too surprising. The 
interesting point about this observation Is that the conversion requires the breakage of the 
S-SO 3  linkage, and the complete reorganisation of the core. From e.p.r. work done by myself
and Johnson [41 a] on an oxidised sample of Na2 [Fe2 (S2 0 3 )2 (N 0 )4 ] we were able to show
the existence of [Fe(N 0 )2 ( N 0 2 )2 ] ’ - This species, so far observed only by e.p.r.
spectroscopy, has labile NO2  groups and is fluxional at room temperature [41]. Results
obtained by Hyde have shown that reactions of Roussins Black Salt and of Fe2 (SR)2 (NO )4
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often proceed through the total breakup of the cluster to produce mononuclear 
fragments followed by reassembly at a later stage. In this case we have apparently observed 
the complete breakup of the dimer foliowed by the assembiy of a larger cluster from the 
fragments available. From a thermodynamic point of view it suggests that the black anion 
sits in a deep well on the potential energy surface of these clusters.
Stirring a solution of Na2 [Fe2 (S 2 0 g)2 (NO)^] in MeOH exposed to the air with added
Mel resulted in the formation of a small amount of Roussins Black salt as identified by I.R. 
and U.V., and an amount of rust and the recovery of some of the original salt; no 
F e 2 (S M e )2 (N O )4  was obtained. In a similar experiment replacing the Mel with pyridine a
similar result was observed. Refluxing either of these two solutions resulted in complete 
decomposition. Refluxing under nitrogen resulted in almost complete recovery of the 
starting materials. If, on decomposition the thiosuiphate cluster firstly lost the pendant 
SOg" groups then Roussin's Red salt would result which, in the presence of Mel, would give 
rise to the methyl ester of Roussin's Red sait. Since the methyi ester was not observed it 
suggests that the ioss of the SO3 " groups is not the first step in the decomposition of the 
cluster.
Dichloromethane solutions of (PNP )2  [Fe2 (S 2 0 g)2 (N0 )4 ] exhibit the expected two NO 
stretching absorptions (of By and Ay symmetry in C2 h) at 1787 and 1757cm‘  ^ for the 
unlabelied ion and at 1748 and 1718cm"^ for the labelled  ^ ion. In THF,
the absorptions at 1788 and 1750cm"^for the unlabelled 
ion. These frequencies differ somewhat from the values of 1801 and 1734cm"^ recorded in 
a Nujol mull for the potassium salt described as K3 [Fe(S 2 0 3 )(N G )2 ].H 2 0  [31]. The infra
red spectra give no evidence for the existence in soiution of more than one conformer; this is 
also found with the alkyl esters of Roussin's Red salt which we know exist as two conformera 
in solution [36,37].
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3-6 A Theoretical Examination of Cis <==> Trans Conversion Using EHMO Calculations
As discussed in Chapter Two, the E.H.M.O. calculations, although crude, did have some 
success in predicting the approximate energy barrier to the C2 h 'C 2 v interconversion for
Fe2 (SM e)2 (NO )4 . The same method of rotating one of the pendant groups 180° around the 
plane of the ring was tried with the [Fe2 (S 2 0 g )2 (N 0 )4 ]^" ion. It was hoped that this 
would lead to an explanation for the non-existence of the cis isomer.
The results of the calculation are shown in figure 3-7 The diagram shows two minima 
corresponding approximately to the geometry of the C2  ^ and C 2 y conformera (+ /-55°
relative to the plane of the Fe2 S 2  ring). The energy barrier to conversion is, however,
calculated to be only 12 KJ moF^. This Is less than that calculated for the methyl ester. 
Since we know the experimental result of the n.m.r. suggests that the barrier to 
inversion is higher than that of the alkyl esters, the calculation must be in error; in this 
case where a charged species is being examined the approximations inherent in the 
calculation method may have proven to be too approximate.
A reasonable explanation of why the C 2v isomer does not exist at room temperature can 
be found by the use of molecular graphics. Examination of figure 3-8 shows that the charged 
oxygens of the SO3  fragment, (calculated to have a charge of -0 .88  each) are far apart from
one another. In the case of the C2 v conformer (figure 3-9) produced by the reflection of an 
SO 3  group through the Fe2 S2  plane, clearly shows the close approach the oxygens on the two 
SO 3  to one another. This close approach would lead to a repulsion between the two groups, a 
factor not taken into account by the E.H.M.O. calculations. Hence this repulsion would 
destabilise the 0 3 ^ conformer relative to the 0 3  ^ and so only the latter is observed in 
solution.
This could possibly be confirmed by the use of a high temperature n.m.r. study, but 
this experiment was vetoed on the grounds of possible damage to the n.m.r. machine itself. In 
the absence of any other available evidence we suggest this to be a plausible reason for the 
non-existence of the cis conformer.
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Figure 3-7
An examination of the effect of SO3 " angle(with respect to the plane 
of the ring) on the stability of the cluster (Fe2 (S2 0 3 )2 (NO)4 ]2 ’
Thiosuiphate Analogue Ester (Cis/Trans)
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3-7-1 Reactions of [F e 2 (S 2 0 g )2 (N O )^ ]^ "
Ligand exchange reactions of Fe2 (S R )2 (N 0 )^ have been studied extensively by Hyde If
who developed a method of interconverting the Roussin esters [4] based on the production of I
mononuclear iron nitrosyls of the type [Fe(SR)2 (N O )2 ]’ . Originally Hyde examined the
reaction of an excess of thiol with Fe2 (S E t)2 (NO )^ in a variety of solvents and concluded
that the exchange of an isopropyl group for ethyl was better in solvents of high polarity such 
as DMF or THF. An examination of the exchange in toluene by ^H n.m.r. showed a very slow 
rate of exchange, (not reaching equilibrium after 1 year), whereas complete exchange in 
THF was obtained after three days. The robustness of the iron-sulphur ring in non-polar 
solvents was further demonstrated by attempting to produce a mixed ester of the type 
F e 2 (S R )(S R '){N O )4 . Refluxing a chloroform solution of the ethyl and methyl Roussin 
esters for four hours gave none of the mixed ester but reflux in DMF, however showed the 
presence of the mixed ester. Moreover it was shown that solutions of Fe2 (S M e)2 (N O )4  in
DMF examined by  ^H n.m.r. broadened and collapsed with time, due to the production of 
paramagnetic species.
Although solutions of Fe2 (S R )2 (N O )4  and RSH are e.p.r. silent, addition of RS' or 
RSH/base causes a major enhancement in the intensity and resolution of the spectrum. The 
paramagnetic species present were shown [4] to be [Fe(SR)2 (N O )2 ] '. From this work a
preparative route to Fe2 (SR)2 (NO )4  based on ligand exchange with the mononuclear radical 
was developed, (scheme-1). The preparation of such mononuclear fragments from 
Fe2 (SR)2 (NO )4  is often accompanied by a colour change from brown/red to green. Addition
of a non-polar solvent causes the redimerisation of the iron nitrosyl fragments and the #
reverse colour change.
This method parallels the synthetic reaction developed by Rauchfuss and Weatheriii 
based on the iodo complex Fe2 l2 (NO )4  [12]. Examination of THF solutions of this complex
in the presence of base and thiolate ion have also shown the presence of mononuclear 
paramagnetic fragments [13].
1 0 3
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The work based on Fe2 (SR )2 (NO )4  and Fe2 l2 (NO )4  suggested that a preparative route 
to new iron-nitrosyl clusters could be developed from [Fe2 (S 2 0 g )2 (N 0 )4 ]^" which has 
been shown to be an analogue of the Roussin esters.
Following the procedure of Hyde Na2 [Fe2 (S 2 0 g )2 (N 0 )4 ] was reacted in THF with
propane-2-thiol in the presence of triethylamine as a proton acceptor. There was no 
obvious colour change as was reported by Hyde for his conversions. However on addition of 
toluene which would redimerise any param agnetic dinitrosyl species present, 
Fe2 (S*Pr)2 (N O )4  was obtained in 62% yield. This reaction was found to a general one for 
alkyl mercaptans and yields greater than 40%  were recorded in all cases of R=alkyl. 
R e a c tio n  w ith  H S C H 2  C O 2  C H g resulted In only a very low yield of
Fe2 (S C H 2 C 0 2 CHg)2 (N 0 )4 . This was possibly due to base hydrolysis of the ester link. The 
similarity of this reaction method to that of Hyde's suggested a similar reaction sequence.
2 -3-7-2 E.P.R. Examination of [Fe2 (S2 0 g)2 (N0 )4 ]
DMF or THF solutions Of Fe2 (S R )2 (N O )4  give weak e.p.r. signals attributed to solvo 
com plexes of mononuclear iron fragments [6 J. Sim ilarly a TH F solution of 
N a2 [Fe2 (S 2 0 g)2 (N 0 )4 ] showed the presence of a weak signal centred at g=2.03, and was
assigned to THF complexes of mononuclear iron fragments. The spectrum obtained is complex 
and probably contains more than two paramagnetic species with overlapping spectra. In 
DMF, solutions of Na2 [F e 2 (S 2 0 g )2 (N O )4 ] also show a weak e.p.r. signal centred at
g=2.030. The spectrum obtained, although complex is identical to those obtained by Johnson 
on dissolving a Rousin Ester in DMF, and so this spectrum is also assigned to solvo 
complexes of mononuclear iron fragments.
Addition of EtgN to THF solutions of Na2 [Fe2 (S2 0 g)2 (N0 )4 ] caused little change to the 
E.P.R. spectrum, whereas with DMF solutions the addition of EtgN produced a five line e.p.r.
spectrum; g=2.03, A^^N=2.5G. The heights of the lines are in the ratio 1:2:3:2;1 and 
therefore the species contains two equivalent nitrogens has a spin of 1 , the use of the 
( 2 rïf-1)  rule from n.m.r. spectroscopy leads to this conclusion). The dinitrosyl species
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[Fe{SR)2 (N O )2 ] ' which have been extensively studied have g values of between 2.027 and I
2.029 and coupling constants of between 2.1 and 2.7G. These species are also produced by 
the addition of base to DMF solutions of Roussin’s Esters, thus the dinitrosyl obtained in this 
work was assigned the constitution of [Fe(S2 0 g)2 (N 0 )2 ]^".
The difference between the THF and DMF solutions is explained in terms of the polarity 
of the solvent. DMF, the more polar solvent, enhances the ring opening of the cluster in the 
presence of a base. This difference between DMF and THF and the effect of polar versus 
non-polar solvents has already been discussed.
Addition of a small aliquot of RSH, where R=^Pr, to a TH F solution of 
N a2 [Fe2 (S 2 0 g)2 (N 0 )4 ] in the presence of EtgN (where a small aliquot = 1)il of thiol added
to 5mg of the thlosulphato complex (giving an excess of the complex over the thiol of around 
1000:1) caused a change to the spectrum of the solvo complexes already discussed. The e.p.r. 
spectrum showed the presence of three paramagnetic species; a five line e.p.r. signal 
attributed to a dinitrosyl species, g=2.028, A^'^N=2.5G (2 N); and two e.p.r. signals 
attributed to two mononitrosyl species, g=2.040, A^^^N=13G ( IN )  and g=2.023, 
A^^N=3.8G ( IN ). The low g mononitrosyl and the dinitrosyl were the dominant features of 
the spectrum. Addition of a similar aliquot of ^BuSH to a similar solution of 
N a 2 [F e 2 (S 2 0 g )2 (N 0 )4 ] in the presence of EtgN produced two signals; a dinitrosyl, 
g=2.030, A^ ^N=2.5G (2N) and a mononitrosyl, g=2.024, A^^N=4.4G (1N) of which the 
mononitrosyl was the dominant feature.
During the work by Hyde a low g value mononitrosyl was observed on the addition of 
thiolate ion to THF solutions of [Fe4 Sg(NO)y]". This signal was assigned the constitution of
[F e (S R )g N O r [4]. These paramagnetic species are characterised by a g value of 2 .0 2 0  to
2.021  and a ^^N hyperfine coupling of 4.5 to 5.0G. On this basis the e.p.r. spectrum of the 
low g value species observed in this work was assigned the constitution of 
[Fe(S 2 0 g)g_x(SR))(N0 ]^"^ where x=1 or 2. It was not assigned to [Fe(SR)gNO]" because 
of the 1000X excess of the ester over added thiol, and also because its g value was higher 
than those reported for [F e (S R )g N O ]" , nor was it assigned the constitution
[Fe(S2 0 g)2 NO]^" because the g value and the ^'^N hyperfine coupling show a dependence 
on R. Thus it was assigned an intermediate constitution.
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The dinitrosyl g=2.03, A'*‘^ N=2.5G was asigned to [Fe(S2 0 g)2 (N 0 )2 ]^" on the basis of 
previous work. The dinitrosyl g=2.028, A^"^N=2.5G may be tentatively assigned to the 
mixed dinitrosyl [Fe(S2 0 g )(S R )(N 0 )2 ] ^ \  There was no hyperfine coupling observed to
any (X protons of an RS group as is found in the spectrum of [Fe(S‘pr)2 {N O )2 ] ‘ , (figure
3-10). This latter species has a g=2.027, A^"^N=2.5G and A^H=1.3G. The A^^N value 
observed for the dinitrosyl in this work is similar as is the g value, and so an assignment to 
a tetrahedral dinitrosyl species is valid. In this case the A^ H hyperfine coupling may be
smaller than the line width and so the splitting due to the cx protons becomes a hidden 
feature.
g“2.C27
1
10 Gauss
Figure 3-10 
The e.p.r. spectrum of [Fe(S‘Pr)2 (NO)2]'
The high g value mononitrosyl observed for R='Pr is, on the basis of previous work, 
assigned the constitution of [Fe(SR)gNO]^". Although in the above discussion we ruled out a
constitution of [Fe(SR)gNO]" for the low g value mononitrosyl because of the ratio of added 
thiol to thlosulphato complex, in this case the feature was weaker than the dinitrosyl and 
the low g value mononitrosyl, plus the species [Fe(SR)gNO]^" have been reported in the
literature. The reaction of Fe2 l2 (NO )^ with ’PrSH in THF/EtgN produced a mononitrosyl 
species with a g=2.040, A^'^N=13.5G, showing no hyperfine coupling to the (X protons of
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the attached RS groups; similar species were also obtained with the reaction of Fe^S^(NO)^ 
with SH ‘ and % u S \  This 13.5G species was tentatively assigned the constitution 
[F e(8R )gN 0]^" with x>1. The similarity of the E.P.R. spectrum of these species to the one 
observed in this work allows the tentative assignment of the high g value mononitrosyl as 
[F e (S R )3 N O ]3 -.
Addition of a large excess of 'PrSH to a THF/EtgN  solution of Na2 [Fe2 (S2 0 g)2 (N 0 )^]
caused an increase in the size of the g=2.040 mononitrosyl and was the sole paramagnetic 
species observed, (figure 3-11). This observation backs up the assignment of this species 
to [Fe(SR)gNO]^" and not to a mixed thiosulphate/thiolate mononitrosyl. it also suggests
that RS' where R=alkyi is a preferential ligating ligand relative to R=SOg. If the 
experiment is repeated in DMF, then the same g =2.040, A^^N=13G  mononitrosyl is 
observed along with the well characterised [Fe(S'Pr)2 (N O )2 l", (figure 3-12). Once again
we observe a difference between DMF and THF. The experiment suggests that DMF helps to 
stabilise the dinitrosyl relative to the mononitrosyl compared to THF. From simulations, 
(figure 3 -1 2a), the relative proportions of the mononitrosyl to dinitrosyl favour the 
mononitrosyl in a ratio of 81:19. Repeating the DMF work with R=% u also produced a 
spectrum which showed the presence of the high g mononitrosyl along with the well 
characterised [Fe(S% u)2 (N O )2 l “, g=2.027, A^^N=2.7G, and once again the mononitrosyl 
is the dominant species observed.
The high yields of the Roussin Esters obtained experimentally (40-70%) from the 
reaction of thiol or thiolate ion with THF/EtgN solutions of Na2 [F e 2 (S 2 0 g )2 (N 0 )^] 
suggest that the high g value mononitrosyl species may be in equilibrium with the dinitrosyl 
species [Fe(SR )2 (N O )2 ]'.
[F e (S R )g N O ]3 - < --------------------------- >  [F e (S R )2 (N O )2 ] ‘
The corollary of this is that there must also be diamagnetic nitrosyl containing species 
in solution, capable of nitrosyl donation.
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Whether this is an accurate description of how the Roussin Esters are prepared from 
THF solutions of Na2 [F e 2 (S 2 0 g)2 (N 0 )^] and thiolate ion remains open to question, 
however based on previous work a plausi ble mechanism could be;
[F e 2 (S 2 0 3 )2 (N 0 )4 ] 2- SoO 2-z 2 a..
[F e (S 2 0 3 )3 -x (S R )x N 0 ]
X
x-4
[F e (S 2 0 g)2 (N 0 ) 2]3-
RS
[F e (S 2 0 3 ) (S R ) (N 0 )2 ] '
[Fe(SR)3 NO] [F e (S R )2 (N O ) 2]'
F e 2 (S R )2 (N O )4
It is a possibility that the species assigned to [Fe(S2 0 3 )3 _x(SR)xNO]^“^  may be an 
intermediate in the formation of [Fe(SR)3 N 0 ]^“. Such d^ to d^ conversions are known to 
occur. For instance the complex F e (N O )(S 2 C N M e 2 ) 2  can be converted into 
Fe2 (S M e)2 (N O )4  in yields of around 24%. The apical iron nitrosyl of Roussins Black Salt 
whose iron is formally d7 can, in the presence of RS", be converted into the d^ species 
[Fe(S R )2 (N O )2 ]‘ . The reverse d^ to d^ conversion has been shown to proceed easily too. 
Addition of chelating ligands such as dialkydithiocarabamate salts to solutions containg 
[F e {S R )2 (N O )2 ]“ provides a clean route to complexes of the type Fe(NO){S2 C N R 2 )2 *
However, in this case, for [Fe(S2 0 3 )3 _x(SR)xN0 ]^"'  ^ to be an intermediate, an oxidation 
of the original iron nitrosyl species must take place, followed by a reduction to produce 
[Fe(S R )3 N 0 ]^". Whether this actually happens is left to future investigators.
The high g value mononitrosyl shows temperature dependant g and values. Table
3 -3
1 1 1
Added thiol Dial Temperature
Table 3-3
g-value A'^^N
iprSH 2 2 0 2 .0 3 9 1 3 .6 0
2 6 0 2 .0 4 0 1 3 .3 5
2 8 0 2 ,04 1 1 3 .2 2
%uSH 2 1 0 2 .0 3 9 1 3 .4 7
2 3 0 2 .0 3 9 5 1 3 .5 0
2 7 0 2 .0 4 0 1 3 .2 0
2 9 0 2 .0 4 2 1 2 .8 7
The g value of a paramagnetic species is dependent on its electronic structure. For 
instance [F e (N O )(S 2 M o S 2 )2 l^" has a g=2.024, A^^N=15G [43], and has a square
pyramidal geometry, Fe(NO)(S2 C N M e2 )2  also has a square pyramidal geometry but has a
g=2.040, A^"^N=13.5G [50]. The hyperfine interaction observed is a magnetic interaction 
between the magnetic moment of the unpaired electron and the magnetic nucleus. In fluid 
samples the dipole-dipole interaction that arises from an unpaired electron in a p-orbital is 
averaged to zero. An unpaired electron in an s-orbital is distributed spherically around the 
nucleus, and such an electron can approach the nucleus unlike an electron in a p-orbltal. 
This gives rise to the Fermi Contact Interaction. The magnitude of the interaction can be 
interpreted in terms of the amount of s character of the orbital in which the unpaired 
electron is bound. A greater amount of s character leads to an increase Fermi Contact 
Interaction and hence an Increase in the hyperfine coupling [42].
The temperature dependence of g and A^^N of [Fe(SR)gNO]^" suggests that as the
temperature is changed the structure of the species changes slightly. The effect is reversible 
and so the structural change must also be reversible. One possible explanation for the 
observed phenomenon could be that the RS groups which are probably in a tetrahedral 
arrangement become more planar as the temperature is changed, figure 3-13.
Figure 3-13
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This idea could be substantiated by molecular orbital calculations by examining the 
amount of s character of the SOMO with the change in N-Fe-S angle. Whether the E.H.M.O. 
method is accurate enough to show this is questionable.
E.H.M.O. calculations have been used with this work in the past with some success, it 
helped to originally assign the constitutions of the two mononitrosyls [Fe(SR)gNO]^" and
[F e (S R )g N O ]" [4 3 ] . The results of similar calculations using [F eS g N O ]^ "  and
[FeSgN O ]^ ', analogues of [Fe{SR)gNO]^“ and [Fe(SR)gNO]' respectively, were carried
out using the local geometry obtained from the apical iron of Roussin's Black Salt. The shape 
of the SUMOs obtained are given in figure 3-14. These results are in agreement with the 
previous calculations and help to show the basis of the assignments made. The SUMO of
[FeSgNO ]® " has a large cf interaction with the s-orbital of the nitrogen and so a large 
hyperfine coupling constant is expected, and observed. The 7t character of the SUMO of 
[FeSgNO]"^' would give a dipole-dipole interaction but in a fluid this is zero, thus a small
value is expected and of course this is observed.
Figure 3-14
[FeSgNO]®-
3-7-3 The [Fe(NO)2 (S 2 0 g )2 ]^ ' complex
[FeSgNO] 4-
It has been shown that in the presence of thiolate alone, Roussin's esters divide to 
produce paramagnetic fragments. In a similar manner, the addition of thiosulphate ion to 
aqueous solutions of Na2 [Fe2 (S2 0 g)2 (NO)^] causes a colour change from brown to green. A
1 1 3
methanolic solution of Na2 [F e 2 ( 8 2 0 g )2 (N 0 )^] is E.P.R. silent, but on addition of a 
saturated methanoiic solution of Na2 S 2 0 g an intense five iine E.P.R. spectrum is obtained 
(g=2.03, A^^N=2.4G). This has been assigned to [Fe(S2 0 3 )2 (N O )2 l^".
in the originai preparation of the thiosulphate analogue ester from nitrite ion a green 
material was obtained in addition to the ester. A methanoiic solution of this green material 
also reveals a five iine E.P.R with the same g-vaiue and coupling constant as that produced 
from Na2 [Fe2 (S2 0 3 )2 (NO )4 l and thiosulphate ion. The green material was therefore given
the composition Na3 [Fe(S 2 0 3 )2 (N O )2 l- This result suggests that the acetone extraction 
procedure is in part a dimérisation of this mononuclear iron nitrosyi; also the addition of 
Bu^NBr to aqueous solutions of the green material, followed by extraction into an organic
solvent, which leads to the preparation of (Bu4 N )2 [F e 2 (S 2 0 3 )2 (N O )4 ] supports the
above suggestion. These observations are an extension of the idea that non-poiar solvents 
close the ring while polar solvent facilitate Its opening.
Examination of the UV-Vis spectrum of Na2 [F e 2 (S 2 0 3 )2 (N O )4 ] in MeOH reveals 
(figure 3 -15 ) four absorptions; A 4 6 0 n m { €  1 41 7 m o l"^  cm  A 355nm  (e
5 9 0 9 m o l‘ ^cm"^ ), A 305nm {€ 6 3 2 9 m o i“^cm "^), A 240nm (e 2 20 88 m o i"^  cm"^ ) . 
Figure 3-15a shows a Lambert-Beer plot of the 355nm absorption.
Figure 3-15a
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Figure 3-15
The UV-Vis spectrum of Na2  [Fe2 (S2 0 3 )2 (NO)4 ] in MeOH
Addition of an excess of sodium thiosuiphate to a methanoiic solution of 
N a2 [Fe2 (S 2 0 g)2 (N 0 )^] causes a change in the UV-Vis spectrum (figure 3 -14b). On the
basis of the E.P.R, evidence this new spectrum is assigned to Nag[Fe(S2 0 g)2 (N 0 )2 ]. If we
assume that all the dimer has been converted into the monomer then the extinction
coefficients can be obtained; A  740nm (€ 197mol"^ cm "^  ), A  585nm (e
2 3 6 m o r^ c m "^ ), A  365nm (€ 2718m or^cm "^). The two absorptions of low extinction 
coefficient are responsible for the green colouration of the solution.
3 -7 -4  Preparation of F e 2 ( S R ) 2 ( N 0 )^  from Aqueous Solutions of 
N a 2 [Fe2 (S 2 0 3 )2 (N O )4 ]
The production of mono-iron dinitrosyi fragments in MeOH and in water lends itself to a 
new preparative method for the production of iron-sulphur nitrosyi clusters from aqueous 
solution.
Addition of MeSNa dissolved in sodium hydroxide solution to aqueous solutions of 
N a 2 lF e 2 (S 2 0 3 )2 (N O }4 ]/N a 2 S 2 0 3  (1 :2 ) followed by immediate extraction into CH2 CI2  
leads to Fe2 (S M e)2 (N O )4  in high yield and purity. A small amount of ferric hydroxide was 
also obtained in these experiments. The use of thiolate without base or the use of thiol alone 
in aqueous leads to either low yields <5% or no yield of Fe2 (SR )2 (NO )4 - This shows that the 
active species is the thiolate ion, as was found in THF, scheme 3-3.
Scheme 3-3
N a2[Fe2(S203)2(N0 )4]    2 [Fe(S 203)2(N 0)2]® ‘
Rs;
SoO'
F e 2 (S R )2 (N O )4  - — [ Fe ( SR) 2 (N O )a ]
/RS'
This method has proved to be successful for a wide range of alkyi mercaptans. In most
1 1 6
cases purification by column chromatography was unnecessary, the normal impurity in the 
THF method is unreacted thiol; by this method the mercaptan is present as thiolate ion and 
does not extract into the organic layer.
Reaction of HSCH2CO2 CH3  with the thiosulphate ion by the THF method led to low yields
of the required ester possibly due to base hydrolysis of the mercaptan or the ester itseif. 
Since by the aqueous method the reaction time is a few seconds only, repeating this reaction 
In water/base led to Fe2 (S C H 2 C 0 2 C H 3 )2 (N 0 ) 4  in good yield and purity. At room
temperature the  ^H n.m.r shows a broad peak centred on 9 3.7ppm. On cooling to -40°C  the 
peak was split into three peaks and a shoulder. The intensity of the peaks was consistent with 
a 1:1 ratio of cis and trans conformera in solution. The n.m.r. confirmed this finding; 
using the D.E.P.T. technique the CH3  and the CH2  were assigned, each found as a pair in a 1:1
ratio. The relaxation of the carbonyl carbon was long and a longer pulse delay was used to 
observe it; no structure to the signal was observed due to its low intensity, (figure 3-16).
A and  ^ H n.m.r study of Fe2 (S C H 2 C H 2 0 H )2 (N O )4  confirms that the solution
structure of this Roussin ester is similar to that of the other alkyl or aryl Roussin esters in 
solution. The n.m.r shows the presence of three peaks in the ratio of 2:1:1. A DEPT 
study again confirmed the assignments to CH2  carbons. The two smaller peaks are assigned to
the carbon next to the sulphur because of the similarity of the chemical shifts with known 
compounds and also because of the evidence from the  ^H n.m.r. The ratio of 1:0.95 is seen as 
evidence for an approximately equal amount of cis and trans isomers in solution. The high 
field absorption in the  ^H n.m.r which is composed of two overlapping triplets helps to 
confirm the existence of the two isomers,(figure 3-17).
It was originally thought that hydrogen bonding may help to populate the cis isomer over 
the trans. However the ratio of 1:0.95 observed from the n.m.r suggests that if this 
effect was present then the increase in stability is not large enough compared with the 
energy of conversion at room temperature to be apparent. A comparison of the energy 
barrier to the cis == trans conversion for this compound relative to the alkyls by the 
aquisition of coalescence data may be fruitful.
The method has also been successful in preparing the heterocyclic ester 
F e 2 (S C 4 H3 N 2 )2 (N O )4  , where C4 H3 N 2  is 2 -pyrimidine, albeit in low yield and purity.
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This method, however, has been found only to give good yields with the more non-polar
mercaptans. Reaction with HSCH2 C H 2 OH required acidification of the aqueous solution to
extract the ester into the organic layer. Attempts to prepare and purify
Fe2 (SC H 2 C H 2 N H 2 )2 {NO )4  and Fe2 (SC H 2 C 0 2 H)2 (N0 ) 4  have failed. This is in part due to
their sensitivity to pH and also to their solubilities in water as well as their extreme air 
sensitivity.
3-8 Reaction of Na2 [Fe2 (S2 0 g)2 (N 0 )4 l with Na2 S .5 H2 0
Addition of sulphide ion to solutions of Na2 [Fe2 (S 2 0 g)2 (N O )4 ]/N a2 S 2 0 g produces a
colour change from black/green to dark red. Such solutions were shown to contain Roussin's 
Red and Black Salts. From the above study of the action of the thiosulphato complex in THF or 
water with mercaptans, from which solutions the Roussin Esters can be isolated from 
param agnetic precursors, the reaction with sulphide ion presumably produces 
[F e (S H )2 (N O )2 ]'- This paramagnetic species will be in equilibrium with the dimeric Red 
Salt;
2[Fe(SH)2(NO)2]' Fe2 (SH)2 (NO) 4  + 2HS'
[F e 2 S 2 (N O )4 f  ■ "
However it is also known that Roussin's Black Salt produces [Fe{SH)2 (N O )2 ]^  ' when
reacted with base or sulphide ion [4]. This has been shown to be a reversible reaction. Thus 
the isolation of the Black Salt as well as the Red is not surprising. Further it has been known 
for over 100 years that the Red Salt is in a pH dependent equilibrium with the Black Salt, 
and so the Black Salt could also be being formed as a result of this.
2 S ^
[Fe(S203)2(N0)2f‘ + 2HS’  Fe2(SH)2(NO)4
[F e 4 S 3 (N O )7 ]- -  [F e 2 S 2 ( N O ) 4 f
1 2 0
The original work of Pavel showed that the addition of aikyl halides to solutions of the 
Red Salt produces the Roussin Esters. Addition of methyl iodide to solutions of the 
thiosulphato complex/thiosulphate ion and sulphide ion produce Fe2 (S M e )2 (N O )4  in low 
y ie ld . R epeating  the p rocedure  with d iphenylch iorom  e th an e  produced  
Fe2 (S C H (C gH g)2 )2 (N 0 ) 4  also in low yield. The reaction of the Red salt with alkyl halides
normally leads to the alkyl esters of Roussin's Red salt in high yield [7]. The low yields 
found here may reflect a lower concentration of the Red salt in solution.
3-9 Reaction of with Chelating Ligands
It has been shown by Hyde îÿ j and more recently by Johnson [43] that the addition of 
chelating ligands such as dialkyldithiocarbamates produces mononitrosyl complexes such as 
F e {N O ){S 2 C N R 2 )2 . while with 1^ 1084^", [Fe(N O )(M oS4 )2 ]^ “ and [Fe(NO )2 (M o S 4 )]~ 
have been observed by e.p.r. spectroscopy. The production of Fe(NO)(S2 C N R 2 )2  involves a 
change in the oxidation state of the iron. The ôJ to d^ oxidation change of the iron has been 
shown to proceed readily with Roussin's Black salt and the cubic tetramer Fe4 S 4 (N O )4 ,
moreover addition of dialkyldithiocarbamates to solutions of Fe2 (S R )2 (N O )4  also produces 
the mononitrosyl i.e, a d^ to d^ conversion.
A ddition  of d ialky Id ith io c arb a m a te  salts to aqueous so lu tions of 
N a 2 [Fe2 (S 2 0 g)2 (N 0 )4 ]/N a 2 S 2 0 2  produced Fe(NO){S2 C N R 2 ) 2  in high yield and purity 
for R=Me, Et and *^pro. The normal method of preparation involves the action of nitrite on 
solutions ferrous salts and sodium dialkyldithiocarbamates. This method also produces 
Fe(S 2 C N R 2 )3  [44] and Fe(N0 )(N0 2 ){S2 C N R 2 )2  (as shown by I.R. spectroscopy). Soxhlet
extraction is required to purify the mononitrosyl by this method, whereas the aqueous 
method using the thiosulphate ester does not produce either of these two impurities. Reaction 
with [S2 C C g H 4 C S 2 l^ ' produced an intractable tar and may contain the polymer
[Fe(N0)(S2CC6H4CS2]n.
The reaction with [^ 0 8 4 ]^ ' as the limiting stoichiometry, appears to have produced 
[Fe(NO )2 (M oS4 )]'. Assignment is based on the simplicity of the I.R. spectrum and that THF
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solutions of the thiosulphato complex with tetrathiomolybdate give an intense e.p.r. 
spectrum characteristic of a dinitrosyi species. Microanalytical results on the product of 
the reaction are not consistent with each other, and the identity of this material remains a 
mystery.
Reaction with o-xylene-dithiol produced neither a mononitrosyl nor a dinitrosyi
mono-iron compound, but the bridged ester Fe2 ( (S C H 2 )2 C g H 4 ) (N 0 )4 . Although
purification of this ester has not been achieved, the mass spectrum and the I.R. spectrum are 
consistent with the structure having a ligand bridging across the two sulphurs.
Reaction with L-cysteine is interesting beacause it results in an air sensitive purple 
solution which turns brown on exposure to air. The IR spectrum of the solid purple and 
brown materials do not show the presence of M-NO stretching. Reaction of ferrous sulphate 
with L-cysteine in the presence of base also produces an air sensitive purple solution. The 
UV/Vis of the resulting brown solution is identical to that produced from the thiosulphato 
complex. This suggests that on reaction with Na2 [Fe2 (S2 0 3 )2 (N 0 )4 ] the NO groups are
lost. However no N0 2 (g) was observed. In this case it is probable that complexation occurs 
at the carboxyl/amino end of the amino acid.
in summary we have produced a method for preparing the thiosulphato complex which is 
both economical in resources and time. We have proven its relationship both structurally 
and chemically to the Roussin esters. We have also developed its chemistry to obtain a new 
preparative route to the esters of Roussin's Red Salt, and have examined the possible 
pathways involved using e.p.r. spectroscopy. As discussed in chapter four the chemistry of 
F e (N 0 ) 2  groups as potential industrial catalysts has increased the awareness of the
chemical community to iron-nitrosyl chemistry, and so any new "Fe(N0 )2 " species 
especially with labile ligands is potentially a good industrial catalyst.
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Part Two
3-10 Known Reactions of Roussin's Black Anion
Iron sulphur clusters found in nature are obtained in three main classes; the 
rubredoxins, the ferrodoxins and the high potential ferrodoxins, Rd, Fd and HiPIP  
respectively [45 and references therein]. Enzymes containing these prosthetic groups are 
called the non-haem iron proteins and are involved in a wide variety of biological processes.
Since these enzymes are found in ali types of iife (not including the viruses) they are ^
considered as one of the oldest types of enzymes. For example aconitase is a non-haem iron 4
protein and contains a cubic Fe4S4 cluster, and is responsible for the conversion of citrate 
into isocitrate in the Krebs cycle. The main role of these ubiquitous enzymes is one of 
eiectron transfer and this is the reason for their place in the oxidative phosphorylation 
respiratory chain. The redox action of these clusters is discussed in chapter i  and, in 
part, in chapter 4.
As discussed in chapter 1  , the Incidence of oesophageal cancer in Linxian is put down to 
environmental factors such as the high levels of nitrite and nitrate in the local water supply 
and the low molybdenum concentration in the soil. The isolation of the iron sulphur nitrosyi 
cluster Fe2 (S M e )2 (N O )4 , in preserved vegetable matter was seen as a significant
discovery; the material never before being detected in nature. It was thought that this 
cluster could be a major causal factor of the oesophageal cancer, its in vivo production was 
uncertain. It was presumed that the non-haem iron proteins became nitrosylated and 
methylated to form the nitrosyi cluster.
Johnson, incubating parsley with nitrite, produced small quantities of the methyl 
Roussin ester [15], whereas the incubation of casein with nitrite produced Roussin’s Black 
anion [16]. The reaction of analogues of the non-haem iron proteins with nitrite also 
produced Roussin's Black anion [17]. This work suggested that Roussin's Black anion was a 
possible intermediate on the route to the formation of Fe2 (S M e )2 (N O )4  from the 
iron-sulphur enzymes.
Roussin's Black Salt, Na[Fe4 S 3 (N O )y ] was the first polymetallic nitrosyi cluster
discovered. The structure of the anion is shown on page 20  and figure 3-21. The structure 
consists of a squashed tetrahedron of iron atoms, three faces of which are triply bridged by ^
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sulphur. The apical iron has one nitrosyi ligand attached, and is formally Fe(1), d^. The 
three basal irons have two terminal nitrosyi groups each in either an axial or equatorial 
orientation and are formally Fe{-1), d^. The nitrosyi ligands are found to be approximately 
linear in the solid state, bending slightly towards each other. In solution the n.m.r. 
chemical shifts of all the nitrosyi groups fall into the linear category [38], ( 3^^N 0; +/- 
50ppm for linear nitrosyls, bent nitrosyls are found in the range 360-713ppm relative to 
C H g^^NO ) c.f. figure 3-6.
The reactivity of a species is often dependent on the charges associated with a group; for 
instance the O'** charge of the carbonyl carbon gives this group its particular chemistry. 
With Roussin's Black anion we have a unique apical iron and three basal irons with a formal 
charge difference of 2 between the two types. As shown in chapter 2, however the net 
charges associated with each iron is approximately the same = +1.3. This would suggest 
that the differences in observed chemistry reflects more the difference between a 
mononitrosyl and a dinitrosyi.
If a DMF solution of labelled Roussins Black Salt, thiolate and ^^N 0 2 " are mixed, 
the e.p.r. spectrum obtained can be attributed to a 3:1 mix of dinitrosyis of the type 
[F e (^ 5 ^ 0 ) 2 (S R )2 r  and [Fe(‘>® N O )('>^N O )(SR )2 ]'[4 ]. This showed that not only had 
nitrosyi exchange taken place, but also a change in formal oxidation state had occurred.
[Fe(NO)]2+ ---------> [Fe(NO)2]+
 >  d®
A major part of the known chemistry of Roussin's Black Salt involves the change in 
formai oxidation state with the change in the number of nitrosyi ligands. The initial 
preparation of Na[Fe4 S3 (NO)y] also involves an oxidation state change;
Fe(ll) + NOg- + S2- ---------> [Fe^S 3 (NO)y]-
and involves the reduction of ferrous ion to Fe(1 ) and Fe(-1). The preparation of 
PN P[Fe4 S 3 (N 0 )y] from PNP[Fe(CO)3 NO] [4] involves the oxidation of the iron;
PNP[Fe(CO)3NO] + S  > PNP[Fe^S3(NO)y] 84%
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Two other laboratory preparations of the Black anion which involve a to d^ #
conversion are[6 ];
Fe(NO)(S2CNM62)2 + NagS --------- > Na[Fe^S3(NO)y] 18%
and
F e ^ S ^ (N O )^  ------------- >  N a [F e 4 S 3 (N O )y ]
One of the most interesting preparations of the Black anion involves the dimeric cluster 
[Fe2 S 2 (N O )4 ]^", which is itself produced from the black anion.
Na[Fe4S3(NO)y] ---------> Na2[Fe2S2(NO)4]
The reaction is reversible; the addition of dilute acid to a solution of [Fe2 S 2 {N O )4 ]^“ 
causes its conversion back to the Biack anion. There is also the remarkable observation that 4
stirring [Fe2 S 2 (N O )4 ]^ ' salts in dichioromethane resulted in the production of the black 
anion [36].
As intimated above a large part of the chemistry of Roussin's Black Salt is concerned f
with the production of mononuclear nitrosyi fragments. Reaction with RS" causes the |
declustering of the tetramer to produce monomeric fragments, from which the dimeric 
compounds Fe2 (S R )2 (N O ) 4  can be isolated. The production of the red dianion,
[F e 2 S 2 (N O )4 ]^", involves fragmentation of the tetramer presumably through the
formation of [Fe{SH)2 (N O )2 ]“- The formation of the cubic cluster Fe4 S 4 (N O )4  from the
Black anion is also presumed to proceed through the production of mononuclear iron 
fragments.
The work reported here was based on the assumption that Roussin's Black anion may be 
initially formed from natural iron sulphur enzymes and subsequently converted into the 
dimeric iron nitrosyi, Fe2 (S M e)2 (N O )4 . This reaction also involves the declustering of the
tetramer. From a knowledge of the known reactions of Roussin's Black Salt a possible in vivo 
sequence could be;
[FexSx] -A ->  [F e ^ S 3 (N O )y ] - -B ->  [Fe2Sg(N0)4]^- -c ->  Fe2 (SMe)g(NO)^
All of these steps involve known reactions, in the laboratory, step B involves reflux in
1 2 5
%strong alkali and because of this the above scheme is not seen as likely in a biological 
matrix. In fact, the preserved vegetables are stored under water for a considerable time |J
before consumption. Dissolved carbon dioxide gas could cause the conversion of any 
[Fe2 S 2 (N O )4 ]^ ' formed back into [Fe4 S g (N 0 )y]".
Another possible sequence could involve the fragmentation of Roussin’s Black anion to 
give paramagnetic mononuclear fragments which in the presence of a source of MeS” would 
give [Fe(NO)2 (S M e)2 l". This dinitrosyi would then dimerise to give Fe2 (S M e)2 (N O )4 .
[FexSx] —A'—>  [Fe4 S 3 (N O )y ]~—B’-->  Fragments - C ’- >  [Fe(NO )2 (S M e )2 ]‘ 
F e 2 (S M e )2 (N O )4
The steps B' to D' are known to occur in solvents such as DMF, in the presence of a base 
such as MeS“ which causes the tetramer to fragment. This scheme would require a source of 
thiolate and the requirement of basic conditions would tend to rule this scheme out. However 
it could be possible that a methyl group is transferred from a biologicai methyl donor such 
as tetrahydrofoiate to the sulphur of a paramagnetic fragment derived from the tetramer.
Although such a donation has not been experimentally verified, the possibility cannot be 
dismissed.
3-11 Reaction of Roussin's Black Salt with Aryl Diazonium Salts
In the above discussions, the reactivity of Roussin's Black Salt has been shown to be 
centred on the role of the irons and nitrosyi groups; the sulphurs, each of which carry a |
charge of -0.7 according to caiculation (see chpt. 2) have been largely ignored. A paper by |
Jinhau, however, not oniy suggested a reaction of Roussin's Black Salt which was centred on 
the sulphur, but also implied the most likely reaction mechanism for the production of the 
dim eric Roussin Ester sought [18]. Reaction of p-fluorobenzenediazonium  
tetrafluoroborate in acetone with Na[Fe4 S 3 (N O )y] produced the p-fluorophenyl Roussin
ester, Fe2 (SC gH 4 F)2 (N 0 )4 . The material was characterised by x-ray crystailography, fig 
3-1 .
Repeating this reaction in acetonitrile (aryl diazonium salts react with acetone) the 
desired Roussin ester was isolated in 97% yield. In solution the Roussin alkyl esters are 
found to exist in a 1:1 ratio of cis and trans isomers. Analysis of Fe2 (SC gH 4 F)2 (N O )4  by
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 ^H and n.m.r. was carried out to examine the solution structure of this material. 
The ^^F n.m.r. (figure 3-18) shows the presence of two signals. The splitting pattern 
observed is identicai for both; the pattern is one of a triplet of triplets. The intensities of 
the two absorptions are approximately equal. The n.m.r. of Fe2 (S C gH 4 F)2 (N 0 ) 4  is
given in figure 3-18a. Peak assignments were based on the n.m.r. of known parafluoro 
substituted benzene rings, the use of the ^^F coupling constants being particularly useful. 
In all cases except Cd the peaks are split into two absorptions, of approximately equal 
intensity. The  ^H n.m.r. of the complex is shown in figure 3 -18b. Although complex, 
consideration of the  ^H n.m.r. of other parafluoro substituted benzene rings shows the 
pattern to be a doubling of the expected spectrum, (cf the  ^H n.m.r. spectrum of 
p-fluoroaniline). These results confirm that in solution the complex Fe2 (SC gH 4 F)2 (N O )4  
exists in two isomeric forms, of approximately equal abundance.
Since this reaction of [Fe4 S 3 (NO)y]" with an aryl diazo led to a dimeric cluster in high
yield it was decided to examine its reactions with other aryl diazo compounds. It had been 
reported, however, that the reaction of the Black anion with p-nitrobenzene diazonium 
terafluorborate led to a complex with the formula Fe4 S 3 (N O )4 N 2 C g H 4 N 0 2  [19] A
complete characterisation of this material was lacking. The diazo compounds chosen for this 
work all contained a para substituted benzene ring. The attached groups ranged from 
electron acceptors and attractors to electron repellers and donors.
Although a similar experimental procedure was used for these other diazonium 
compounds as used for the p-fluoro benzenediazonium, the Roussin esters produced could 
not be obtained in a pure crystalline form. All the compounds made were air sensitive, 
especialy the p-chloro, p-cyano and the p-nitrophenyl complexes. All of the complexes 
obtained are degraded on an alumina column. This degradation was, at first, attributed to 
oxygen leaking into the column packing during the purification procedure but the 
degradation still occurred when the column was made up and used in an inert atmosphere 
dry box. None of the complexes was found to be sensitive to siiica packed columns.
On addition of the desired diazonium compound to a solution of Na[Fe4 S3 (NO )y] , the 
vigorous evolution of gas was always observed. No brown fumes of NO2  were ever noticed, 
and the evolved gas is presumably N2 . Analysis of the reaction product by I.R. spectroscopy 
always showed a change in the IR spectrum from the three peaks of [Fe4 S 3 (N 0 )y]" to
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Table 3-4
l/NOsym solvent M"^  peak
CN 1 791 1 7 6 3 THF a
COCHg 1 7 9 2 1 7 6 5 DOM 5 3 4
NO2 1 7 9 0 1 7 6 0 DOM a
F 1 7 8 9 1 7 6 3 CTC 4 8 6
Cl 1 7 8 7 1 7 5 9 BENZ a
H 1 7 8 7 1 7 6 2 CTC 4 5 0
Me 1 7 9 5 1 7 5 7 CTC 4 7 8
OMe 1 7 8 4 1 7 5 6 DCM 5 1 0
a- too air sensitive to obtain a M"**, only fragments observed.
Most of the  ^H n.m.r. spectra obtained with this work show broad features and do not 
allow the distinction between cis and trans isomers to be observed. The n.m.r, spectra 
tend to be better defined, although in many cases the spectra obtained are poor. The 
n.m.r. of the complex Fe2 (SC gH^C 0 CH g)2 (N 0 )^ is given in figure 3-19. There is a strong
resemblance of this spectrum to the n.m.r. of Fe2 (S C g H ^ F )2 (N O )^ . The splitting
observed for carbons a,b and c is taken as proof for the existence of the cis and trans 
isomers in solution. The peak assigned to the methyl group resonance is not split and this 
may indicate that the further away from the ring, the less the effect of the absolute geometry 
on the chemical shift.
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twin nitrosyi peaks of approximately of equal intensity. This immediately suggests that 
an iron dinitrosyi species has been produced, and with reference to the reaction of 
p-fluorobenzene diazonium with [Fe4 S g (N O )y ]\ this change in the IR spectrum is seen as 
a diagnostic test for the desired reaction.
Analysis of the materials obtained by mass-spectroscopy show the presence of the 
peaks of the required phenyl Roussin esters, and the sequential loss of four NO groups 
followed by the loss of the two p-substituted phenyl rings.
The results of the IR and mass-spectroscopy Investigations are tabulated in table 3-4.
"CO
Q
Z
c\i
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5 8
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CO
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Examination of table 3-4 shows that position of the and VNOgy^g are affected
somewhat by the para substituted group of the benzene ring. The trend observed moving 
from high to low frequency as we change from electron acceptors to electron donors, is 
entirely consistent with the idea of decreasing or increasing the electron density present in 
the iron sulphur cluster. The electron acceptors 'extract* electron density from the 
Iron-sulphur ring thus removing a portion of the electron density used in the back bonding 
to the nitrosyi ligands. This has the effect of increasing the strength of the N -0  bond as 
electron density is removed from the n* orbitals of N -0 . The opposite effect is observed 
with the p-methoxy group which donates electron density into the ring.
The Japanese paper concerning the reaction of a salt of p-nitrobenzene diazonium with 
Roussin's Black salt gave the reaction mechanism shown on pageéfiof the introduction.
However, in view of the work done by the Chinese and the work described here it would 
appear that on reaction of Roussins Black salt with a diazonium ion the dimeric clusters |
Fe2 (S R )2 (N O )4  are produced. Reaction of paranitrobenzenediazoniumtetrafluoroborate 
with Roussin's Black Salt produces a compound whose I.R. spectrum supports the formation 
of the dimeric cluster Fe2 (SCgH4 N 0 2 )2 (N 0 ) 4  as did the results of the microanalysis of the 
compound. This result is at odds with the result reported by the Japanese group.
The above results show that the anion [Fe4 Sg(N 0 )y]" reacts with strong electrophiles 
such as ArN2 ^. The reaction mechanism may occur via attack of the sulphur, as a
nucleophile, on the terminal nitrogen atom of the diazo group. The calculations carried out in 
chapter-2  did indeed show a large negative charge associated with the sulphur atoms of the 
Black anion. Examples of such a nucleophilic attack by sulphur containing compounds 
include the reaction of ArN2 '*‘ with arenethiolate ions, Ar'S",to give the sulphide ArSAr'
[51] and with arenesulphonates to yield the diazosulphones, ArN=N-S0 2 Ar’ [52]. The
subsequent steps of the reaction with Roussin's Black anion involve the loss of dinitrogen and 
a change of nuciearity from four to two. How this is accomplished is unknown, but may go 
via the production of mononuclear iron fragments as discussed in part-1 of this chapter.
3-12-1 Reaction of Roussin's Black Salt with Alkylating Agents
The above work suggests that Roussin’s Black salt will react with a source of 
electrophilic carbon. Reaction with methyl iodide nor magic methyl however do not result in
133
the alkylation of the Black anion with the consequent formation of Fe2 (S M e)2 (N 0 )^. The 
examination of the reaction of Na[Fe^Sg(NO)y] with various other alkyl donors was carried 
out.
In vivo, a major donor of methyl groups is S-adenosyl methionine. Tetrahydrofoiate, 
shown below, is also a carrier of activated one carbon units, attached at position 5 or 10 of 
the pteridine ring. The transfer potential of this compound is often not sufficiently high 
enough for biosynthetic méthylations and so S-adenosyl methionine (SAM) is used [48].
H
Tetrahydrofoiate
+ NH2
o o
H H
S-Adenosylmethionine
The positive charge associated with the sulphur atom activates the methyl group making 
it more reactive than tetrahydrofoiate. The sequence of biosynthetic reactions involving 
methyl transfer are summarised below.
R-CHg Aden
Homocysteine
S Aden
Tetrahydrofoiate
The Activated Methyl Cycle
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A coenzyme is required to aid in the transfer of the methyl group; methylcobalamin, 
produced from vitamin B-j 2  is used to mediate this reaction. S-adenosyl methionine and its
attendant enzymic complex is a very expensive chemical, because of this, laboratory 
analogues of this biological methylating agent were used to examine the possible reactivity of 
the Black anion towards such alkylating compounds.
The trimethylsulphonium ion MegS"*^ is similar to the 'working end' of SAM, in that it 
also contains contains activated methyl groups. The reaction of the Black salt with MegSl in 
water or methanol gave only the metathesis product (MegS)[Fe,;^Sg(NO)y] as identified by 
IR spectroscopy and microanalysis. Refluxing the material in methanol or ethanol under N2  
led only to the com plete recovery of the starting m ateria l. Crystals of 
( M e g S ) [ F e ^ S g ( N O ) y ]  were grown and were suitable for examination by X-ray 
crystallography. In a similar manner the reaction of a trimethylsulphoxonium salt with 
Na[Fe^Sg(NO)y] ied to the metathesis product (M egSO)[Fe^Sg(NO)y].
Both of these materials are capable of methyl donation, and are recognised analogues of 
SAM. As discussed above the methyl donation of SAM is mediated by methylcobalamin. A 
similar catalyst for the successful reaction of MegS^ or MegSO^ with the Black salt may be 
required.
3-12-2 The Crystal Structure of M e g S [F e ^ S g (N O )y ]
The I.R. spectrum of the 1 /(N 0 ) region of M egS[Fe^Sg(NO )y] in solution shows three 
nitrosyi absorptions identical to that of the solution IR of Et^N[Fe/^Sg(NO)y] and identicai 
to both the solution and solid state IR spectra of Ph^As[Fe^Sg(NO)y] [46]. In the solid state 
however the absorption pattern of M egS[Fe^Sg(NO)y] was more complex, with at least five
absorptions. The differences observed between the solution and the solid state suggested a 
possible interaction between the cation and the anion. This possible interaction was 
investigated by an the X-ray structural determination of M eg S [F e^ S g (N O )y ].
The structure consisted of isolated ions with no contacts between ions within the sums of 
the van der Waals' radii. Tables 3-6 and 3-7 give the fractional atomic coordinates and the
1 3 5
X y z
F e ( l ) 2 5 3 ( 1 ) 1 5 0 9 ( 1 ) 2 9 7 9 ( 1 )
F e ( 2 ) 2 4 7 9 ( 1 ) 1 3 1 7 ( 1 ) 1 1 6 0 ( 1 )
F e ( 3 ) - 4 6 1 ( 1 ) 3 4 6 8 ( 1 ) 2 0 0 0 ( 1 )
F e ( 4 ) 1 7 7 7 ( 1 ) 3 0 1 9 ( 1 ) 5 0 9 2 ( 1 )
S ( l ) 2 1 3 ( 2 ) 1 6 0 7 ( 1 ) 5 6 0 ( 2 )
S ( 2 ) 2 4 5 1 ( 2 ) 1 1 6 3 ( 1 ) 3 6 1 2 ( 2 )
S ( 3 ) - 4 6 9 ( 2 ) 3 3 0 5 ( 1 ) 4 4 4 1 ( 2 )
S ( 4 ) 3 9 5 0 ( 4 ) - 2 1 5 8 ( 4 ) 3 0 9 1 ( 6 )
S ( 4 ' ) 6 6 1 7 ( 1 3 ) 2 8 8 5 ( 1 1 ) 6 6 2 3 ( 1 2 )
N ( l ) - 7 0 2 ( 5 ) 4 5 6 ( 4 ) 3 1 9 1 ( 5 )
N ( 2 ) 3 3 3 3 ( 6 ) 2 4 6 5 ( 5 ) 1 1 1 6 ( 6 )
N ( 3 ) 3 0 4 2 ( 6 ) - 9 ( 6 ) - 2 0 ( 6 )
N ( 4 ) 6 4 9 ( 6 ) 4 4 1 2 ( 4 ) 1 7 8 5 ( 5 )
N ( 5 ) - 2 0 9 5 ( 6 ) 3 8 0 3 ( 5 ) 1 5 6 7 ( 6 )
N ( 6 ) 2 7 3 7 ( 5 ) 4 0 1 2 ( 5 ) 4 7 1 2 ( 6 )
N ( 7 ) 1 7 6 6 ( 6 ) 2 9 8 7 ( 5 ) 6 9 4 5 ( 6 )
0 ( 1 ) - 1 3 5 8 ( 6 ) - 3 0 0 ( 5 ) 3 3 2 4 ( 6 )
0 ( 2 ) 4 0 6 9 ( 6 ) 3 1 5 7 ( 6 ) 9 5 0 ( 7 )
0 ( 3 ) 3 6 1 4 ( 6 ) - 7 9 7 ( 6 ) - 9 3 6 ( 7 )
0 ( 4 ) 1 2 1 7 ( 6 ) 5 1 7 3 ( 4 ) 1 5 3 6 ( 6 )
0 ( 5 ) - 3 1 4 3 ( 6 ) 4 2 5 0 ( 5 ) 1 2 0 9 ( 7 )
0 ( 6 ) 3 4 8 5 ( 6 ) 4 7 3 9 ( 5 ) 4 7 4 6 ( 7 )
0 ( 7 ) 1 9 0 1 ( 7 ) 3 1 4 6 ( 5 ) 8 2 6 8 ( 5 )
C ( l ) 2 0 9 0 ( 8 ) - 2 0 4 2 ( 7 ) 2 6 2 8 ( 1 0 )
C ( 2 ) 4 4 6 1 ( 1 1 ) - 3 6 5 7 ( 1 0 ) 2 4 0 5 ( 1 2 )
C ( 3 ) 3 8 5 7 ( 1 0 ) - 2 0 1 4 ( 1 2 ) 5 1 9 2 ( 1 1 )
s ( - ) 3 6 7 7 ( 2 9 ) - 1 6 5 6 ( 2 4 ) 3 8 8 9 ( 3 2 )
C ( ' ) 4 9 7 5 ( 2 7 ) - 1 4 6 5 ( 2 3 ) 2 7 3 9 ( 2 8 )
9 8 ( 8 )
6 1 ( 6 )
' Table 3-5
Fractional Atomic Coordinates (x10) for Me3 S[Fe4 S3 (NO)7]
XT a b le  3 -6
Bond Lengths and Angles for Me3S[Fe4Sg(N0)y]
F e ( 3 ) - F e ( l ) - F e ( 2 )
F e ( 4 ) - F e ( l ) - F e ( 3 )
S ( l ) - F e ( l ) - F e ( 3 )
S ( 2 ) - F e ( l ) - F e ( 2 )
S ( 2 ) - F e ( l ) - F e ( 4 )
S ( 3 ) - F e ( l ) - F e ( 2 )
S ( 3 ) - F e ( l ) - F e ( 4 )
S ( 3 ) - F e ( l ) - S ( 2 )
N ( l ) - F e ( l ) - F e ( 3 )
N ( l ) - F e ( l ) - S ( l )
N ( l ) - F e ( l ) - S ( 3 )
F e ( 4 ) - F e ( 2 ) ~ F e ( l )
S ( l ) - F e ( 2 ) - F e ( l )
S ( l ) - F e ( 2 ) - F e ( 4 )
S ( 2 ) - F e ( 2 ) - F e ( 3 )
S ( 2 ) - F e ( 2 ) - S ( l )
N ( 2 ) - F e ( 2 ) - F e ( 3 )
N ( 2 ) - F e ( 2 ) - S ( l )
N ( 3 ) - F e ( 2 ) - F e ( l )
N ( 3 ) - F e ( 2 ) - F e ( 4 )
N ( 3 ) - F e ( 2 ) - S ( 2 )
F e ( 2 ) - F e ( 3 ) - F e ( l )
F e ( 4 ) - F e ( 3 ) - F e ( 2 )
S ( l ) - F e ( 3 ) - F e ( 2 )
S ( 3 ) - F e ( 3 ) - F e ( l )
S ( 3 ) - F e ( 3 ) - F e ( 4 )
N ( 4 ) - F e ( 3 ) - F e ( l )
N ( 4 ) - F e ( 3 ) - F e ( 4 )
N ( 4 ) - F e ( 3 ) - S ( 3 )
N ( 5 ) - F e ( 3 ) - F e < 2 )
N ( 5 ) - F e ( 3 ) - S ( l )
N ( 5 ) - F e ( 3 ) - N ( 4 )
F e ( 3 ) - F e ( 4 ) - F e ( l )
S ( 2 ) - F e ( 4 ) - F e ( l )
S ( 2 ) - F e ( 4 ) - F e ( 3 )
S ( 3 ) - F e ( 4 ) - F e < 2 )
S ( 3 ) - F e ( 4 ) - S ( 2 )
N ( 6 ) - F e ( 4 ) - F e ( 2 )
N ( 6 ) - F e ( 4 ) - S < 2 )
N < 7 ) - F e ( 4 ) - F e ( l )
N ( 7 ) - F e ( 4 ) - F e ( 3 )
N ( 7 ) - F e ( 4 ) - S ( 3 )
F e ( 2 ) - S ( l ) - F e ( l )
F e ( 3 ) - S ( l ) - F e ( 2 )
F e ( 4 ) - S ( 2 ) - F e ( l )
F e ( 3 ) - S ( 3 ) - F e ( l )
F e ( 4 ) - S ( 3 ) - F e ( 3 )
C ( 2 ) - S ( 4 ) - S ( ' ' )
C ( 3 ) - S ( 4 ) - S ( " )
C ( 3 ) - S ( 4 ) - C ( 2 )
C ( ' ) - S ( 4 ) - C ( l )
C ( ' ) - S ( 4 ) - C ( 3 )
C ( 3 ) - S ( " ) - S ( 4 )
C ( ' ) - S ( " ) - S ( 4 )
C ( ' ) - S ( " ) - C ( 3 )
0 ( 2 ) - N ( 2 ) * - F g ( 2 )
0 < 4 ) - N ( 4 ) - F e ( 3 )
0 ( 6 ) - N ( 6 ) ~ F e ( 4 )
S ( " ) - . C ( 1 ) - S ( 4 )
S ( "  ) - C ( ' ) - S ( 4 )
8 2 . 9
8 3 . 1
5 3 . 5  
5 3 . 7
5 3 . 6  
1 1 7 , 8 ( 2 }
5 3 . 3  
1 0 6 . 9 ( 2 )  
1 3 0 , 5 ( 2 )  
1 1 1 , 4 ( 3 )  
1 1 2 . 7 ( 3 )
4 8 . 5
5 1 . 9
8 9 . 7
8 9 . 9  
1 0 4 , 1 ( 2 )
8 4 . 3 ( 3 )  
1 1 1 . 2 ( 3 )  
1 2 0 , 2 ( 3 )  
1 4 6 , 1 ( 2 )  
1 0 8 . 7 ( 3 )
4 8 . 4
6 0 . 1
3 7 . 6
5 2 . 1
3 7 . 1  
1 2 4 , 5 ( 3 )
8 6 . 1 ( 3 )
1 1 2 , 3 ( 3 )
1 4 6 . 3 ( 2 )
1 0 8 . 8 ( 3 )
1 1 5 - 0 ( 4 )
4 8 . 4
5 2 . 0
8 9 . 5
8 9 . 3  
1 0 4 . 1
8 5 . 4
1 1 0 . 5
1 1 9 . 0
1 4 2 . 5
1 0 5 . 4
7 4 . 3  
1 0 4 , 9
7 4 . 4
7 4 . 6
1 0 5 . 8
1 4 0 . 9
4 1 . 5100.1
1 2 6 . 4
1 1 2 . 4
1 1 4 . 7
5 6 . 0
1 2 5 . 9  
1 7 0 . 3
1 6 7 . 7
1 6 6 . 6
2 5 . 5
2 8 . 5
( 2 )
( 3 )
( 3 )
( 3 )
(2 )
( 3 )
( 2 )
<2 )
( 2 )
(2 )
( 2 )
(21)
( 2 0 )
( 7 )  
( 12) 
( 12) 
( 2 9 )  
( 2 0 ) 
( 2 2 ) 
( 6 ) 
( 5 )  
( 5 )
( 8 ) 
( 10 )
F e ( 4 ) - F e ( 1 ) - F e ( 2 )
S ( l ) - F e ( l ) - F e ( 2 )
S ( l ) - F e ( l ) - F e ( 4 )
S ( 2 ) - F e ( l ) - F e ( 3 )
S ( 2 ) ~ F e ( l ) - S ( l )
S ( 3 ) - F e ( l ) - F e ( 3 )
S ( 3 ) - F e ( l ) - S ( l )
N ( l ) - F e ( l ) - F e ( 2 )
N ( l ) - F e ( l ) - F e ( 4 )
N ( l ) - F e ( l ) - S ( 2 )
F e ( 3 ) - F G ( 2 ) - F e ( l )
F e ( 4 ) - F e ( 2 ) - F e ( 3 )
S ( l ) - F e ( 2 ) - F e ( 3 )
S ( 2 ) - F e ( 2 ) - F e ( l )
S ( 2 ) - F e ( 2 ) - F e ( 4 )
N ( 2 ) - F e ( 2 ) - F e ( l )
N ( 2 ) - F e ( 2 ) - F e ( 4 )
N ( 2 ) - F e ( 2 ) - S ( 2 )
N ( 3 ) - F e ( 2 ) - F e ( 3 )
N ( 3 ) - F e ( 2 ) - S ( l )
N ( 3 ) - F e ( 2 ) - N ( 2 )
F e ( 4 ) - F e ( 3 ) - F e ( l )
S ( l ) - F e ( 3 ) - F e ( l )
S ( l ) - F e ( 3 ) - F e ( 4 )
S ( 3 ) - F e ( 3 ) - F e ( 2 )
S ( 3 ) - F e ( 3 ) - S ( l )
N ( 4 ) - F e ( 3 ) - F e ( 2 )
N ( 4 ) - F e ( 3 ) - S ( l )
N ( 5 ) - F e ( 3 ) - F e ( l )
N ( 5 ) - F e ( 3 ) - F e < 4 )
N ( 5 ) - F e ( 3 ) - S ( 3 )
F e ( 2 ) - F e ( 4 ) - F e ( 1 )
F e ( 3 ) - F e ( 4 ) - F e ( 2 )
S ( 2 ) - F e ( 4 ) - F e ( 2 )
S ( 3 ) - F e ( 4 ) - F e ( l )
S ( 3 ) - F e ( 4 ) - F e ( 3 )
N ( 6 ) - F e ( 4 ) - F e ( l )
N ( 6 ) - F e ( 4 ) - F e ( 3 )
N ( 6 ) - F e ( 4 ) - S ( 3 )
N ( 7 ) - F e ( 4 ) - F e ( 2 )
N ( 7 ) - F e ( 4 ) - S ( 2 )
N ( 7 ) - F e ( 4 ) - N ( 6 )
F e ( 3 ) - S ( l ) - F e ( l )
F e ( 2 ) - S ( 2 ) - F e ( l )
F e ( 4 ) - S ( 2 ) - F e ( 2 )
F e ( 4 ) - S ( 3 ) - F e ( l )
C ( 1
C ( 2
C ( 3
C ( '
C ( '
C ( 1
C ( 3
C('
0(1
0 ( 3
0 ( 5
0 ( 7
S( '
- S ( 4 ) - S ( " )
- S ( 4 ) - C ( l )
- S ( 4 ) - C ( l )
- S ( 4 ) - S C )
- S ( 4 ) - C ( 2 )
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Perspective view of the structure of (!Vle3 S)[Fe/^8 g(N0 )y]
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Figure 3-21
Perspective view of the cation in (Me3 S)IFe4 S3 (NO)7 ]
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bondlengths and angles for the cluster respectively. Figure 3-20 shows a perspective 
view of the unit cell of the structure showing the relationship of the cation to the anion. 
Figure 3-21 shows the disorder observed for the cation. The structure of the anion is very 
similar to that found in the Ph^As"^ [46]. Although mean values for given geometric
parameters are almost the same in the two determinations, the anion in IVIe3 S[Fe4 S3 (N 0 )y]
approximates much more closely to Cgy symmetry than the anion in Ph^AstFe^SgfNO)?];
thus the three independent iron-iron distances around the base of the tetrahedron involving 
Fe(2 ), Fe(3) and Fe(4) are 3.575, 3 .587 and 3.588Â (range 0.013Â, mean 3.583Â) in 
the M egS^ salt, but 3.519, 3.564 and 3.628Â (range 0.109Â , mean 3.570Â) in the
PH 4 AS+ salt. The apical iron, Fe(1) carries a single nitrosyl ligand for which the Fe-N -0  
angle 178.8^ is close to 180°. The basal iron atoms each form Fe(N0 ) 2  fragments in which 
the Fe-N -0 groups are bent towards one another, with a mean Fe-N-O angle of 167.3°; the 
structures of such Fe(NO)g fragments is discussed at length in chapter two. Within each
basal Fe(NO>2 the mean equatorial Fe-N distance is just significantly longer than the mean 
axial Fe-N distance, as also found in a recent study of Ph4 A s[Fe4 S e 3 (N 0 )y] [53]. The 
structure reported here for the anion [Fe4 S 3 (N O )y ]' Is more precise than that reported 
previously, as the Ph^As"^ salt [46]; in the earlier work, the determination was based on
2148 observed reflections for 452 variables (ratio 4.8), while in the work presented here 
there are 2553 observed reflections for 244 variables (ratio 10.6). There is no Indication 
from the structure either of a close approach between one of the sulphur atoms in the cation 
to the basal triangle of the anion with incipient closure of an Fe^S^ cuboid framework.
3-12-3 Reaction of Poussin's Black Salt with Trialkyl Oxonium Salts
In the absence of a specific catalyst to increase the potency of the methyl donor, 
increasing the ability of the methyl donor itself to donate is a likely route. Oxygen is a more 
electronegative element than sulphur and so replacing the trimethylsulphonium salts with 
trimethyloxonium salts would lead to a greater 3'  ^ charge on the methyls, making such salts 
better methyl donors.
Reaction of the strong electrophile Me3 0 BF4  in water with NaFe4 S 3 (NO)y] followed by 
immediate extraction into CH2 CI2 , leads to the production of Fe2 {SM e)2 (N O )4 . Prolonged
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stirring leads to decomposition, presumably due to the HBF4  produced. Reaction of EtgOBF^
with the Black salt in CH2 C I2  produces Fe2 (S E t)2 (N O )4 . The use of M e^OSbClg as an
analogue of SAM was detrimental to the experiment. Prolonged stirring of this methyl donor 
with the Black salt in dry acetonitrile caused the complete decomposition of the black salt 
and any methyl ester formed. Reaction in water with immediate extraction into 
dichloromethane gave small amounts of Fe2 (SM e)2 (NO)4 , but extensive decomposition was
evident. Although the SbClg” ion is supposedly inert, it has apparently played some role in 
this reaction.
3-13 Reaction of Roussin's Black Salt with 2-lodo-2-Methylpropane
Since Roussin's Black salt does not react with Mel nor magic methyl but does with 
trialkyloxonium salts, it suggests that the reaction may involve the production of carbonium 
ions. If the Black salt is refluxed in methanol with an excess of 2 -iodo-2 -methyl propane 
then a dinitrosyl species was produced. Evidence gained, however shows that it is not 
Fe2 (S % u )2 (N 0 ) 4 , but the iodo-bridged complex Fe2 l2 {N O )4 * 2 -iodo-2 -methyl propane
dissociates In polar solvents to a small extent to give a carbonium ion and also the iodide ion. 
The carbonium ion will have a short life time and may not survive long enough to react with 
Roussin's Black anion. Work by Johnson [54] showed from an e.p.r. examination, that 
addition of iodide to DMF solutions of the Black anion gave rise to paramagnetic dinitrosyl 
iron fragments which contained coordinated iodide. The isolation of the bridged iodo complex 
using 2 -lodo-2 -methyl propane and the fact that the Black anion does not react with methyl 
iodide suggests that this reaction does proceed via the dissociation of the organic iodide. This 
method of producing the iodo complex could lead to a preparative method of labelling this 
complex with since the formation of the Black anion involves the use of sodium nitrite 
and the method of preparing the iodo complex involves NO(g). This reaction is also further 
evidence for the formation of dimeric nitrosyl clusters from the tetrameric Black anion.
3-14 Reaction of Roussin's Black Anion with the Me^S"^ ion
As discussed above, the problem with the reaction of trialkyisulphonium salts was that 
they were not reactive enough to donate a methyl group to the Black salt. This problem was 
overcome by changing to the trialkyloxonium salts. Another method of solving this problem 
would be to make the Black salt a better nucleophile. An examination of the electrochemistry 
of Roussin's Black salt (see chapter four) revealed the presence of three reduced states;
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R B S " ' * - >  R B S '2 ->  R B S '2 ->  RBS' 4 .  The E .H .M .O . calculations on the anion 
[Fe^Sg(N O )y]" showed that the LUMO and the LUMO+1 orbitals (of approximate equai
energy) have more eiectron density on the sulphur atoms compared to the HOMO. If on 
reduction the sulphur atoms were to gain more electron density then the reduced state wouid 
perhaps act as a better nucleophile. The reduction of [F e ^ S g (N O )y ]"  with sodium 
benzophenone in the presence of the trimethylsulphonium ion, produced small quantities of 
Fe2 (S M e)2 (N O )4 , showing that the original premise may be correct.
I
4
3-15 Summary of the Reactions of Roussin’s Biack Anion
The reactions of Roussin's Black anion are summarised below;
MegSQ
MegStRBS]
MegSOIRBS]
[BBS] [RBS]‘
CHajaCI
R q S
+
Fe2(SR)2(N0)4
Fe2(SC6H4X)2(N0)4
Fe2l2(NO)4
3-16 Reaction of Fe4 S4 (N O )4  with p-Fluorobenzenediazonium Tetrafluoroborate
The high yield of the reaction of p-fluorobenzenediazonium salt with the Black salt 
suggests that the [Fe(NO)]^’*' to [Fe(NO)2 ]'  ^ ( d^ to d^ ) conversion occurs. The iron atoms
in the cubic duster, Fe4 S 4 (N O )4 , are all in the d^ oxidation state. Reaction of this ciuster
with p-fluorobenzene diazonium tetrafluoroborate produced very small quantities of the 
p-fluorophenyl ester of Roussin’s Red sait, as identified by mass-spectroscopy and I.R.
1 4 2
. . . j .
spectroscopy. This confirms that the dJ to conversion has occurred.
in summary, Roussin's Black salt which is a possible intermediate in the possible 
conversion of the non-haem iron proteins into the mutagenic Fe2 (S M e )2 (N O )4 , can be
converted into the dimeric complexes of type Fe2 (S R )2 (N O )4  , where R=alkyl or aryl, by
the action of electrophiles. From a biological point of view, this work suggests that the 
methylating agent S-adenosyl methionine in conjunction with methylcobalamin could be 
responsible for the in vivo méthylation of [Fe4 S g(N 0 )y]" with the consequent production
of Fe2 (S M e)2 (N O )4 .
1 4 3
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Chapter Four 
The Electrochemistry of some of the Roussin Esters 
and the Electrochemistry of the 
Red and Black Roussin Salts
Introduction
Cyclic voltammetry, C.V., has become a widely used technique for identifying the redox 
states available to a compound. Although it has been used in the study of organic molecules 
[1], it is with the rich redox chemistry found with metal complexes [2] and clusters [3] 
that cyclic voltammetry has become the preferred electrochemical characterisation 
technique.
The C.V. experiment can lead to information concerning the E® values of a redox couple; 
it can yield information concerning the stabilities of redox states reached [4] and can also 
lead to rate constant and formation constant evaluations [5]. This is because the technique 
scans a voltage across an electrochemical cell at a rate fixed by the experimentalist. The rate 
of scan can be varied and so the voltage scan is also a function of time.
In this chapter the electrochemistry of the Roussin esters,Fe2 (S R )2 (N 0 )^, for a range
of R is examined mainly through the use of cyclic voltammetry. Some of the chemistry of the 
reduced and oxidised forms of the Roussin esters is also discussed. A possible reason for the 
mutagenic behaviour of the Methyl Roussin ester, Fe2 (S M e)2 (N O )4 , is suggested on the 
basis of these results. Further, the electrochemistry of the tetranuclear ciuster 
[Fe4 E g(N 0 )y]M , (E=S, M=Na, Et^N, Bu^N, Me^S, and Me^SO; E=Se, M=Na) are also 
examined.
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Experimental
Cell Design:
For the C.V. experiment a three electrode cell is used. Two electrodes carry the current, 
one of which, the working electrode, is solely responsible for the size of the current passed, 
the other is termed the counter electrode and makes up the other half of the electrochemical 
cell. The third electrode is a reference electrode which measures the potential at the 
working electrode. Fig 4-1.
Reference
Counter Electrode 
Electrode WorkingElectrodee n Teflon Top
Water
Jacket
Solution
Luggin
Probe
The solvent in which the experiment is taking place is thermostated to 2 5 °C . The 
solution is deoxygenated by bubbling nitrogen through the solution for a period of time 
(5-10 minutes). The nitrogen inlet is then removed from the body of the solution and placed 
above it to ensure a blanket of nitrogen is always present to prevent the re-entry of oxygen 
into the cell. This means that evaporation of the solvent during an experiment becomes a 
problem, and so the nitrogen is passed through a bubbler, containing the same solvent, prior 
to entry into the electrochemical cell.
Electrodes:
The counter electrode used in this work was a length of platinum wire. The only 
requirements for a counter electrode are that the material be chemically inert and that the
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area of the electrode is greater than that of the working electrode. This electrode was 
cleaned, prior to use, by wiping clean with acetone, and then heating to white heat in a 
bunsen flame.
The working electrodes used in this work were either a Pt disc electrode imbedded in 
either glass or kevlar or a glassy carbon electrode (G.C.E.) also Imbedded in kevlar, (the 
kevlar imbedded electrodes were supplied by Bioanalytical systems [6 ]). Both types of 
electrodes were cleaned by rinsing In acetone and then water followed by polishing with fine 
alumina on a felt pad. The electrode was then rinsed with distilled water and dried with 
tissue prior to use. This method of cleaning always gave satisfactory C.V. background 
responses, Fig 4-2.
The platinum electrodes can also be cleaned by firstly wiping clean with solvent, drying 
and then immersing in hot aqua regia for five minutes. The aqua regia dissolves the Pt 
surface. The electrode is subsequently rinsed with water and polished with alumina. It is 
then cycled electrochemically between the positive and negative limits of a 0.5M solution of 
sulphuric acid. These last two steps are repeated until the voltammogram characteristic of 
Pt in sulphuric acid is obtained [7]. Once achieved the electrode is held at a potential of +1 .3 
V until the current drops to zero. The electrode is then washed with distilled water and dried 
with tissue prior to use.
I
The choice of a reference electrode is not an easy one. The saturated calomel is the 
reference electrode most often quoted in the literature as the reference of preference. 
However this reference electrode suffers from the disadvantage of being an aqueous system. 
Leakage of water into non-aqueous solvents is a potential problem and the calomel electrode 
also adds an extra potential drop (iR drop) if used in non-aqueous solutions because of the 
potential difference set up between the interface of the non-aqueous and aqueous solutions. 
The calomel electrode is also unstable in acetonitrile [7], a non-aqueous solvent of choice. 
The reference most often used in this work was a so-called pseudo reference or floating 
reference electrode [8 ]. This was simply a piece of silver wire. The use of this type of 
reference means that the zero potential measured may move slightly over the course of an 
experiment. This problem is alleviated by the use of an internal reference [8 ] such as the 
ferrocene/ferricinium couple as mentioned below. The standard potential of the 
ferrocene/ferricinium  couple E ^ (0 /1+ ) is set arbitrarily to zero and the standard 
potential of material undergoing investigation are quoted relative to this zero point. The use 
of such a reference is advantageous since it helps cut down the iR drop caused by the internal
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resistance of the solution since there is no extra potential barrier set up as would be the 
case if the calomel was used. The use of a Luggin probe [7,8], placed close to the working 
electrode surface, containing the reference electrode also helps to compensate for the IR 
drop.
Equipment:
For the C.V. experiment a potentiostat and a waveform generator are required, the 
former to apply the correct voltages the latter to apply these voltages in a triangular 
waveform to the working electrode. Two systems were used in this work. The first was a 
Bioanalytical Cyclic Voltammetry system which has both the potentiostat and waveform 
generator in the same housing. The second system was an Amel potentiostat linked up to an 
Amel waveform generator. The recording device was a Linseis x,y,t chart recorder. The Amel 
equipment and the recorder were kindly loaned by Dr. Colin Vincent for the duration of this 
work.
Solvents:
The main problem with solvents used for C.V. was a high water content, acetonitrile was 
found to be particularly hygroscopic. The following describes the preparation of the solvents 
used in this work.
Acetonitrile of Analar quality was dried by refluxing over CaH2  for 24 hours under 
nitrogen. The solvent was then distilled under nitrogen onto P2 O 5 . and refluxed for 5 hours. 
The solvent was then redistilled onto fresh P2 O 5  and this process repeated until the 
formation of an orange polymer in the distillation flask ceased. The solvent was then stored 
over P2 O 5  under N2  and distilled prior to use.
Dichloromethane of normal laboratory quality was predried over CaCl2  for 48 hours. 
The CaCl2  was filtered off and the solvent refluxed over CaH2  under N2  for a minimum of 
24 hours. The solvent was stored over CaH2  under N2  and distilled prior to use.
Tetrahyrofuran of Analar quality was dried by continually refluxing over sodium 
benzophenone ketyl under N2 , the solvent being distilled from this prior to use.
The purity of these solvents could be judged from the oxidation and reduction limits 
observed from the background of the C.V. experiment.
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Electrolyte:
For non-aqueous work an electrochemically inert ionic material is required to carry the 
bulk of the charge in solution and so prevent the formation of ion gradients. The non-aqueous 
electrolyte of choice is B u^NPFg. This material was prepared by a modification of the 
method outlined in reference [7]. Preparation was achieved by mixing aqueous solutions of 
Bu^NBr and NH^PFg and filtering off the resulting product. It was found that the material
was best recrystallised from the addition of ethanol to a hot aqueous slurry of the 
electrolyte, filtered when cool and dried at 110°C .
The C.V. experiment:
Typically, 2 0 ml of solvent are added to the electrochemical cell containing enough 
electrolyte for a 0 .2 M solution. The solution was thermostatted to 25°C  and deoxygenated 
with N2 - After bubbling for 5-10 minutes a background C.V. was taken; the background
obtained not only informs as to the quality of the solvent but also gives the electrochemicai 
limits of the experiment. From Bard [8 ] the electrochemical 'window' available to each 
solvents is, T H F - +1 V, - 3.5 V; CH 2 C I2  = +3.0 V, -2.0 V; and from Heinze [9],
C H g C H 2 CN= +3.6V, -3.0V (similar to the limits for CH3 CN). Once a satisfactory
background was obtained 3mM of ferrocene, (Fc)(purified by sublimation) was added to act 
as the internal standard. Since there was no real reference electrode used in this work the 
potential value of the ferrocene/ferricinium (Fc"*"^®) couple was set to zero. 3mM of the 
electroactive species undergoing investigation was then added after the C.V. of the ferrocene 
had been recorded. The position of any oxidation or reduction waves observed for this species 
were referenced to the zero value given to the E® of the Fc'^^° couple.
In the work reported here, all the E® values given are all relative to the arbitrarily 
assigned zero value of the ferrocene/ferricinium couple except where indicated.
During the C.V. experiment the effect of scan rate on the peak current value was 
examined. Scan rates ( l /)  from 0.064 V s"  ^ to 1.000 V s'^ were normally employed. The 
current obtained is directly proportional to the size of the electrode area and so in some 
graphs the current is given as the current density, which is the current obtained divided by 
the electrode area in cm^.
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Bulk Electrolysis:
The bulk electrolysis of Fe2 (8 E t)2 (N 0 )^  (1mg,2.8p.moles) in THF under N2  was
carried out In a two compartment cell. Pt plate and basket electrodes of large surface areas 
were used as the counter and working electrode respectively. A calomel electrode was used as 
the reference electrode.The solution was quickly scanned to determine the position of the 
first reduction potential. The solution was stirred and the potential was then stepped to a 
position beyond the first reduction(-0.8 V) but before the second and held. The current was 
monitored using an integrator/potentiostat and the number of coulombs passed was recorded 
automatically. When the current reached background levels the electrolysis was stopped.
From the number of coulombs passed, n, the number of electrons involved in the first 
reduction of one molecule of Fe2 (SEt)2 (N0 )^ was calculated to be 0.97.
Potential Step:
Using the same equipment, solution and set up used for the C.V. experiment, the potential 
was stepped from a region where no electrolysis was taking place to one where instantaneous 
electrolysis took place. The current obtained was plotted as a function of time using a Linseis 
x,y,t, recorder in continuous y-t mode. The results were examined using equation 10, (App . |  
2 ).
Compounds:
The Roussin esters, Fe2 ( S R ) 2 ( N 0 )^ used In this work were prepared from the 
nitrosylation of the analogous carbonyl clusters, Fe2 ( S R ) 2 ( C O ) g  [1 0 ] or from 
N a 2 [Fe2 (S 2 0 g)2 (N 0 )^] using the methods outlined in chapter 3. The tetrairon clusters 
M [Fe4 S3 (N O )7 ] M= 1^ 6 3 8 , 1 ^ 6 3 8 0  were prepared from Roussin's Black salt by metathesis 
as described in chapter 3. The cluster Na[Fe4 Se3 (NO)y] was kindly donated by Miss Audrey 
Lees.
Preparation of (Et4 N )[Fe4 S 3 (N 0 )y]
Et4 NCI (0.17g, Immol) in water was added to Na[Fe4 S 3 ( NO)y] ( 0 .5 g, 0.9mmol) in
water. The resulting precipitate was filtered and washed with water (4x50ml). The solid 
was dissolved in acetone (50ml) and water (1 0 ml) added. The acetone was removed by
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rotary evaporation to obtain a black crystalline material. I.R. (CH3 CN solution) i/N O  1800, 
1747, 1712 cm '^. Microanalysis; calculated for Fe4 S 3 C gH 2 oNQ0 7 ; expected C 14.6, H 
3.0, N 17.0%; obtained C 14.6, H 2.7, N 16.8%. Melting point 190-193 ° C .
Preparation of (BU4 N) [Fe4 S 3 (N O )y]
(BU4 N) [Fe4 S 3 (NO)y] was prepared in a similar manner to the above 
Preparation of (Et4 N )2 [Fe2 S 2 (N O )4 ]
The sodium salt of Roussin's Red Dianion was produced from the reflux of 
N a [F e 4 S 3 (N 0 )y] in aqueous alkali. The tetraethyl ammonium salt was produced by
metathesis by the addition of Et4 NCI to the above solution followed by extraction into 
chloroform. Microanalysis; calculated for C^gH4 Qpe2 Ng0 4 S 2 ; expected C 34.5, H 7.5, N 
15.1%; obtained C 34.1, H 7.3, N 14.9%.
Reaction of Na2 [Fe(CN)gN0 ] with Benzylamine using O2
N a 2 [F e {C N )g N 0 ] (25.5g,0.08mol) were dissolved in water (100ml) and added to a 
mixture of benzylamine (1.5g, 0 .014mol) and Na2 C 0 3  (1.5g, 0 .014mol). The mix was 
stirred under O2  for 24 hours. K2 C O 3  (35g) was added to the solution to salt out the organic 
content and the solution extracted with diethylether (4x75ml). The solution was dried over 
MgS0 4  and the solvent evaporated off to leave an orange oil (1.4g). A smell similar to that of
benzaldehyde was present. The liquid was analysed by G.L.C. and G.C.M.S. to reveal the 
presence of benzylalcohol, benzonitriie and traces of benzaldehyde, benzoic acid and the 
phenylmethyl ester of benzoic acid.
Reaction of Na2 [Fe2 (S2 0 3 )2 (N 0 )4 ] with benzylamine using O 2
N a 2 ( F e 2 ( 8 2 0 3 ) 2 ( ^ 0 ) 4 ] (1.28g, 2.5mmol) in water (100m l) was added to 
benzylamine (0.2g,1.87mmoi) and Na2 C O 3 (0 .2g, 1.87mmol). The mixture was stirred for 
18 hours under an atmosphere of O2 . After this time the presence of iron oxides was 
apparent. KCO3  (30g) was added to the aqueous mixture to salt out the organics, and the
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mixture was extracted with diethylether (3x50mi). The organic layer was dried and 
subsequent evaporation of the solvent revealed an orange oil (0 .1 1g). The oil was examined 
by GLC and GCMS to reveal the presence of benzylamine, benzylalcohol and surprisingly 
benzylidenebenzylamine, CgHgCHgNCHCgHg.
Reaction of Fe2 (SR)2 (NO )4  with amines using AgNOg as an oxidant.
Typically, Fe2 (S R )2 (N O ) 4  (Im m ol) and amine (Smmol) were stirred together in THF 
(20mi). AgN0 3 (4 mmol) was added. Reaction was complete within a few seconds; gas
evolution was observed and silver was precipitated along with other insolubles. The solution 
was filtered and water added (300ml). The solution was extracted with diethylether, the 
organic layer was dried and on evaporation of the solvent a small amount of oil was obtained. 
The oils were analysed by GLC and GCMS. R = Butyl, amine = benzylamine; R = ^Butyl, 
amine = pyrollidine; R = 'Pr, amine = butylamine; R = ‘Butyl, amine = di'^propylamine; R 
= SO3 ", amine = cyclopentylamine.
Triphenylphosphine and trimethylphosphite were purchased from Aldrich and used as 
received. Tri-n-butylphosphlte was kindly donated by Mr Peter Pogorzelec. Alt amines 
were purchased from Aldrich or Fisons and were dried over KOH and distilled prior to use. 
All thiols used were purchased from Aldrich and used as received. The e.p.r. spectra were 
recorded on a Bruker E.R. 2 0 0 D spectrometer in 1mm quartz capillaries. All GLC  
examinations were made using 1plt ether solutions (1sample:20 ether). GCMS data were 
obtained using an INCOS 50 GCMS system. Aii I.R. spectra were recorded using a Perkin 
Elmer 1710 FTIR. spectrometer and values given are precise to +/-2cm"^.
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Results and Discussion
4-1 The Electrochemistry of Fe2 (S R )2 (N O )4
The electrochemistry of Fe2 (S E t)2 {N O ) 4  in tetrahydrofuran.(THF) by C .V was
examined using a glassy carbon working electrode, (G.C.E). The voltammogram obtained is 
shown in figure 4-3 . Relative to the ferrocene/ferricinium couple, the formal reduction |
potentials are found to be -1.074 and -1 .872V. These values are assigned to two formal one j
electron reductions of Fe2 ( S E t ) 2 ( N O ) 4  to produce [Fe2 ( S E t ) 2 { N O ) 4 ] ' and
[F e 2 (S E t)2 (N O )4 ]^“ respectively. The result of applying the Randles-Sevcik, (R-S) S
■ i
equation to the current/scan rate data for the cathodic and anodic processes of both i
reductions are shown in figure 4-4 . I
!
,jFrom figure 4-4 it can be observed that in all four cases the gradients are 
approximately the same and that all points lie on approximately the same line. This suggests 1
that n, the number of electrons transferred for both reductions are the same and that the
idiffusion coefficients, Dq, and D_2 are all similar. The linearity of the plot also |
indicates that the reductions are electrochemically reversible for all v  examined. An 
examination of i^/ig for both reductions for all V  shows that the reductions are also
chemically reversible since there is no significant deviation from 0.95 and 0.995 for the 
first and second reductions respectively. Slight changes from this value can be correlated 
with the difficulties encountered when extrapolating the baseline for the estimation of the 
anodic current values.
An examination of AEp against V  for the two reductions relative to that obtained for an 
equivalent am ount of ferrocene shows no significant d ifferences from the 
ferrocene/ferricinium data. However the AEp of the second reduction was always slightly
larger than that of the first reduction for a given scan rate. This may reflect a decrease in 
the heterogenous rate constant due to the anion being slightly more difficult to reduce than 
the neutral.
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Randles Sevcik Plots for the Two Reductions 
of Fe2 (SEt)2 (NO )4 in THF
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From the data obtained the value of D can be estimated. The diffusion coefficient is a 
measure of how fast a species moves in solution. For a metal ion in aqueous solution a 
diffusion coefficient of around 1x10 '^cm ^ s"^ is typically found [7], From the data 
0 ° /" '-=  5.30 X1 0 -G, = 4.56 x10"®, 5.53 x IO ^ ,  4.85 x 10'®
cm ^s'^ . A similar study for ferrocene gives a diffusion coefficient of 5.36 x10’®cm^s'^ . 
As explained earlier, the inherent difficulty in obtaining base lines for the data means that 
these figures are not exact. The fact that [Fe2 (S E t)2 (N O )4 r  has two differing diffusion 
coefficients implies this inaccuracy. An average value of 5.1x10“® cm^s"^ in THF is 
therefore recorded. Setting = Dp is a normal assumption made in electrochemical
measurements {eqn-9, App-2). Although it might have been expected that the reduced 
clusters would lower the value of D because of a greater solvation relative to the neutral 
complex, from the above values of D, this appears not to be the case. Therefore, because of 
this, in the calculation of D the assumption of 0 ^ = 0 ^  is made throughout this work.
Figure 4-4 also shows a theoretical plot for n=1 and D= 5.0 x10“®cm^s"^ for 3mM of 
electro active species, obtained by plugging the values into Randles-Sevcik equation (eqn-6 , 
App-2). The similarity of the gradients further confirms the assignment of n=1 and D for 
F e 2 (S E t)2 (N O )4 .
All of the above data fit the criteria for a reversible couple given in appendix-2 and so 
it is possible to assign both reductions to the reversible transfer of one electron.
F e 2 (S E t)2 (N O )4  [F e 2 (8E t)g (N O )4 ]- [F 0 2 (S E t)2 (N O )4 ]2 --e -e
An examination of Fe2 (S R )2 (N O ) 4  for a variety of R was carried out in THF. The 
results are summarised in table 4-1 . If we examine the CHg, CH2 C H 3 , CH(CHg )2  and the 
C (C H 3 ) 3  Roussin esters we find that for each hydrogen replaced by a methyl group, the E® 
value decreases by about 23mV in each case. Examination of the straight chain alkyls, 
C H 2 -R, for R= CH3 , C2 H 5 , and C3 H 7 , show a consistency of the E® (0/1-) value; the
iso-butyl ester of Roussin's Red salt has a slightly lower E® value and this reflects this 
groups larger electron inductive effect. The sec-butyl ester of Roussin's Red salt has a 
higher E® value than the isopropyl group and suggests that the replacement of a methyl 
group by an ethyl lowers the inductive effect. The E®(0/1-) value of the methylacetate 
ester of Roussin's Red salt has obviously been affected by the presence of the ester group.
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This has had the effect of pulling electron density away from the ring towards the carboxyl 
group relative to the effect of the methyl group. The pyrimidine ester of Roussin's Red salt 
has an E® (0 / 1 -) value consistent with its electron withdrawing properties relative to the 
methyl group. The thiosulphate analogue of Roussin's Red salt has the lowest E® (0/1-) 
value of all. The may reflect an electron rich SOg“ group, pushing a large amount of
electron density into the iron sulphur ring system, however as shown later this is probably 
not the reason for this iow E®(0/1-) value.
Table 4-1
R E®(0/1-) (a) E®(1-/2-)(a) D/10"®cms“'^
Me - 1 . 0 5 0 - 1 . 8 7 0 5 .2
Et - 1 . 0 7 4 -1 . 8 7 2 5.1
n -P ro - 1 . 0 7 5 -1 . 8 7 0 5.1
i - Pro - 1 . 0 9 5 - 1 . 8 6 9 4.1
n-Bu -1 . 0 7 5 -1 . 8 7 7 3 .8
s-Bu - 1 . 0 8 8 - 1 . 9 0 0 3 .2
i -B u -1 . 0 8 5 -1 . 8 7 0 3 .6
t - B u - 1 . 1 1 8 - 1 . 8 2 5 3 .6
CH2CO2CH3 - 0 . 9 3 8 -1 . 7 1 8 3 .3
Pyrim idine - 0 . 9 0 8 (b) ( c )
S 0 3 “(Na salt) - 1 . 3 1 0 (b) ( c )
(a) Relative to Fc'*’^ ® (Volts),(b) Complex, (c) Unmeasured
Table 4-1 ; the standard reduction potentials of Fe2 (SR)2 (NO)4  in THF, relative to 
the E^ of the ferrocene/ferricinium couple recorded at a G.C.E. at 25^0
From the data available [3] for the oxidation of the (Fe4 S 4 ]^ +  core in |
[F e 4 S 4 ( S R )4 ]^ ‘ , table 4-2 was constructed. From the data in table 4-2, we observe a |
decrease by approximately 40mV for every four cx hydrogens replaced by four methyl j
groups. This would give a contribution of about lOmV per methyl group, a value which is
ciose to that obtained per methyl group in Fe2 (SR)2 (NO )4  when done in a polar solvent. The
data of table 4-2 also suggests that the effect of the n-propyl group is comparable to that of 
the ethyl reflecting the observation found with the straight chain alkyl Roussin esters. The 
E® of [Fe4 S 4 (S R )4 ]^ ' for R= CH2 CgHg is interesting, for in the absence of any data for 
a cluster with R=methylacetate, It shows the effect of an electron withdrawing group 
attached to the cx carbon relative to the effect of the methyl group.
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Table 4-2
R E® (2+/1+)(a) E^(1+/0)(a) Solvent
Me - 1 . 6 0  - 2 . 3 3  DMF
Et - 1 . 6 4  - 2 . 3 5  DMF
n -P ro  - 1 . 6 5  (b) DMF
i - P r o  - 1 . 6 9  - 2 . 4 1  DMF
t -B u  - 1 . 7 3  - 2 . 4 7  DMF
CHgCgHg - 1 . 5 6  - 2 . 2 7  DMF
(a) Relative to Fc'^ '^ ® (Volts),(b) not given 
Table 4-2; the reduction potentials for the core of [Fe^S^(SR)^]^' 
relative to the E^ of the ferrocene/ferricinium couple, ref.[3].
Direct evidence for the Inductive effects of alkyl groups can be obtained from an 
examination of the data available for the acid dissociation constants of simple organic acids, 
tab le 4 -3 .
Table 4-3
Acid Pka
HOOOH 3 . 7 7
CH3COOH 4 .8 0
CH3CH2CXX)H 4 . 8 8
(CHabCOOH 5 . 0 5
Table 4-3, the pKa of some simple organic acids from ref [11].
Table 4-3 shows that the acids become weaker as we go down the table. This is due to the 
increasing inductive effect of the alkyl groups as the table is descended.
That the E® value of an iron-sulphur cluster and of other clusters is dependent on the 
nature of the group attached to a bridging ligand is not unusual. The effect observed can be 
correlated well with the electron donating/withdrawing properties of the attached group. 
From this study the following electrochemical series based on the electron donating ability 
of the attached group can be made;
Pyrim< C H 2 C 0 2 C H g <  Me < Et,n-Pro,n-Bu< CH2 C F I (C H 3 ) 2 <i-Bu < i-Pr < t-Bu <
■•S0 3 -
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On further reducing Fe2 (SR )2 (N 0 )^ we obtain the (172 ') values. Most of these
values were found to lie around -1.87 V; the trend observed for the E*^(0/1') is not 
reflected here to any extent, indeed the t-butyl ester has the highest E® (172' )  value 
recorded for a hydrocarbon group. The methylacetate ester does show the expected higher |
value in accordance with its E ^ (0/1 -) value. The E®(1-/2 -) of R=SO g' and pyrimidine I
were not recorded due to complications arising from the second reduction. With RzzSOg", the
second reduction was found to be pseudo-reversible under all conditions examined and may 
be due to the highly negatively charged species precipitating out of solution, the electrodes 
becoming electroinactive if scanned too negative. In the case of R=pyrimidine, further 
reduction is complex and may involve the reduction of the pyrimidine ring itself.
These results all show that the attached group makes a difference to the reduction 
potential of the cluster. This evidence shows that the [Fe2 S 2 ]®" core of these clusters is
being reduced. The reduction or oxidation of transition metal clusters often involves the 
breakage of metai-metal bonds. Indeed work has shown [12]t hat in the majority of cases the
HOMO is a M-M (X bond whereas the LUMO is a M-M antibonding orbital. Thus any reduction 
or oxidation will weaken the structure with the possibility of fragmentation leading to 
clusters of lower nuclearity. The use of chelating ligands such as o-xylenedithiol [13], or 
capping atoms as found in the cobalt carbide clusters, C0 3 C [14, 15], or by the use of
heteroatoms such as P, N, S [12] all help to stabilise a cluster to fragmentation. However, 
the fact that a change in R of an attached group, whether it is a terminal ligand or part of a 
bridging ligand, can affect the E® value of a cluster shows that the HOMO/LUMO are not 
entirely M-M bonding or antibonding and that the terminal/bridging groups play a role in 
this bonding. This is part of the reason why the use of heteroatoms as bridging groups can 
stabilise redox states. The reason why a change in R attached to a heteroatom in a cluster can 
change the E® value can be correlated well with the ability of the attached group to donate 
electron density. As the donor ability increases the amount of electron density on the core 
also increases. We can see from this work and that of others [3] that the reduction of an 
already reduced complex is often more difficult to achieve, suggesting that the more negative 
a cluster is the more difficult it is to add another electron to, although in some cases, 
particularly with the clusters of type Fe2 (SR)2 (C 0 )g, it has been shown that it is actually
easier to add the second electron [16]. Thus from the same argument, small changes in the 
electron density of a core will lead to small changes in the E® value, and these changes are 
found to correlate with the donating or accepting properties of R. With the t-Butyl ester of
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Roussîn's Red salt a large inductive effect is present giving rise to an increased amount of 
electron density on the core leading to a lower E ® (0 /r )  value relative to the methyl ester 
of Roussin's Red salt; the methylacetate Roussin ester accepts electron density and so its E®
(0/1") value is higher relative to Fe2 (SIVIe)2 (N 0 )^ . This argument is in agreement with
the results obtained for EFe^S^(SR)^]^"^^".
The (0/1") and the ( r / 2 ") reduction potentials for a range of R obtained in
acetonitrile are given in table 4-4 .
Table 4-4
R E *(0 /1 -)(a ) E®(172")(a) Ep Ox (a) D /10 '^cm ^ s
Me - 0 . 9 3 5 - 1 . 5 9 5 + 1 . 0 1 1 .7
Et - 0 . 9 5 2 - 1 . 6 1 0 + 0 . 9 8 2 . 1
i - P r o - 0 . 9 6 3 -1 . 6 2 5 + 1 . 0 8 1 .6
t - B u - 0 . 9 7 5 - 1 . 5 8 0 + 1 . 0 6 1,1
(a) relative to E® of Fc^ '^"' (V)
Table 4-4; electrochemical data for Fe2 (SR)2 (N0 )^ in CH3 CN, relative to the E® of 
the ferrocene/ferricinium couple recorded at a G.C.E. at 25°C
The trend is similar to that observed in THF. The second reduction potential of the 
t-butyl Roussin ester is again found to be anomalous. The reason for this anomaly is 
unknown. The diffusion coefficients shown here are over twice those observed in THF. This 
shows the greater solvation of the cluster by the THF relative to CH3 CN; the greater the
bulkiness of the ester moving through solution the slower it moves and the lower its 
diffusion coefficient.
The (0/1 ■) reduction potentials and the peak position of the oxidation wave for a range 
of R obtained in dichloromethane are given in table 4-5. The results obtained for the first 
reduction potential in DCM are in agreement with those found in THF and in CH3 CN. The
reduction potentials of the second reduction are not given due to the quasi-reversibility of 
the wave observed. The differences between the unoxidised Pt and G.C.E. electrodes show up 
only in the second reduction of these clusters and has been found to be dependent on the 
preparation of the working electrode, see section 4:6 .
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R E ° (0/ 1-)(a)
Table 4-5
Ox (a) D(cv)(b) D(ps)(c) n(d)
Me - 1 . 1 3 0 + 1 . 1 0 4 1 .42 1.9 0.8
Et - 1 . 1 6 1 + 1 . 1 5 0 1 .49 1.9 0.8
n -P ro - 1 . 1 5 2 + 1 .17 1 1 .6 4 2.2 0.8
i - P r o - 1 . 1 7 6 + 1 . 1 4 7 1.51 1.1 1.3
n-Bu - 1 . 1 5 2 + 1 . 1 7 0 1 .2 4 1.6 0.8
s-Bu - 1 . 1 6 1 +1.162 0 . 8 6 1.7 0.5
i - B u - 1 . 1 6 1 + 1 . 1 4 2 0 .7 5 1.1 0.7
t -B u - 1 . 1 9 1 + 1 . 1 2 2 1 .46 1.2 1.2
CH2CO2CH3 - 0 . 9 9 4 + 1 .0 7 3 0 . 9 9 1.3 0.7
Pyrim idine - 0 . 8 9 6 (e) 1 .6 4 2.0 0.8
S O 3 I B U 4 N salt)-1.276 (e) 0 .4 7 1.2 0.4
(a) relative to the E® of Fc^^'^(V); (b) D /1 0 " ^ c m ^  s ' ^ , from CV data;(c) 
D /1 0 '^ c m ^  s"1 , from potential-step data; (d) n, number of electrons transferred per 
molecule, from equation-11, (App-2); (e) complex, unmeasured.
Table 4-5; electrochemical data for Fe2 (8 R )2 (N 0 )^ obtained in DCM at an unoxidised
Pt electrode, at 2 5 °  C. All potentials are given relative to the E ° of the 
ferrocene/ferricinium couple.
Knowing that n=1 and C=3 mM, the diffusion coefficient can, of course, be obtained from 
the potential step data using equation-10 (App-2), and the results of this are given table 
4-5. Application of equation-11 (App-2) to the data from the C.V. and potential step 
experiments gives n to be between 0.7 and 1.3. This method is more crude than the bulk 
electrolysis which gave a value of 0.97 for n, but this method is very quick and can be done 
while a CV experiment is underway. The low values may reflect the fact that the potential 
step was often carried out at the end of the C.V. experiment; evaporation of solvent would 
increase the concentration of the electroactive species giving a steeper gradient than 
expected for the potential step experiment and thus a lower n value. The reason for the low n 
value obtained for R=SOg" was due to difficulties in obtaining i^ from the voltammograms.
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4-2 Comparison of E° (0/-1) and the 1/(NO) Stretching Frequency
As explained in chapter 1, the nitrosyl stretching frequency of a coordinated nitrosyl 
ligand is dependent on a number of factors, such as the metal, the oxidation state and other 
ligands present. For a given structure such as Fe2 (S R )2 (N 0 )^ changes in the nitrosyl
stretching frequency will depend on changes in R. From table 4-6, section 4:4-1, it can be 
observed that as the electron donating ability of R increases the lower the stretching 
frequency becomes. Since we have already stated that the E °(0 /1 -) values appear to be 
related to donating ability, a plot of the average value of the nitrosyl stretching frequency
l/(N O )as ym  +1/ (NO)sym)/2 against the observed E°(0/1 -) was constructed.
A linear relationship between E °(0 /1 -) and the average i/(N O ) was obtained, figure 
4-5a. This graph helps to prove the relationship between the donor ability of R and the
E°(0/1-)and 1 /(N 0 ) frequency. It also gives the series, based on donor ability;
Pyrim< CH2C0 2 CH3 < Me < Et,n-Pro,CH2CH{CH3)2  < i-Pr < t-Bu 
This series complements that found from E°(0/1 -) data alone.
The graph can also be used to predict an E ° (0/1 -) va lue . The cluster 
Fe2 (S C H 2 C H 2 0 H )2 (N 0 ) 4  was produced, but its cyclic voltammogram was not recorded
(lack of available material). From its I.R. spectrum the average value of i/(N O ) was found to 
be 1776.5cm '^ . From the graph this was found to correspond to an E °(0 /1 -)va lue  of 
-1.025V in THF. This figure correlates well with its electron attracting capability relative 
to that of the methyl group.
An important omission from this graph was R=S0 3 ‘ . Figure 4-5b shows the position of 
R = S 0 3 " relative to the other points. It can be observed at once that this is not in harmony
with its expected position based on E ° data, nor from its V  (NO) stretching frequency. From 
its average stretching frequency of 1771cm"^ an E°(0/1-) value of 0,978V in THF would 
be expected. From its actual E °(0 /1 -) value an average stretching frequency of 1739cm"^ 
would have been predicted. The E ° data implies that the SO3 " group is a strong electron
repeller; the I.R. data suggest that it is in fact a moderately strong electron attracting group 
relative to the methyl group.
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The reason for this disparity between the two results must lie with the associated 
negative charge of the thiosulphato complex. The X-ray structure of this complex shows that 
the charge associated with it is 2". It has already been noted that it is more difficult to 
reduce a negatively charged cluster (for example the E®(0/1-) and E®(1-/2-) data). The 
low E®(2-/3-) value of this complex Is seen not as a consequence of a strong electron 
inductive effect of an attached group, but to the difficulty in obtaining the 3" cluster. If we 
assume the IR criterion to be correct the effect of having a two minus charge on the cluster 
has added an extra -0.33V to the reduction potential. The observation that the second 
reduction of this cluster to produce the 4" is quasi-reversible or irreversible suggests that 
this highly charged cluster has a short half life. Since figure 4-5a is based on the neutral 
Roussin esters it is therefore not surprising that a charged species does not fall onto the line 
obtained from these neutral clusters.
4-3 Calculation of the Disproportionation Constants for Fe2 (S R )2 (N 0 )^
If we consider the following;
2R©d(-1) <=====> Ox + R©d(-2)
Then from the equilbrium constant and the expression of the free energy in terms of 
potential, the constant of disproportionation can be calculated from [9];
InK = -nF(E°.|-E°2 )/RT
The following table is a list of the calculated disproportionation constants for a variety 
of Roussin esters in THF or CHgCN.
Table 4-6
R K, T H F / 1 0 ‘ ‘* 4 K,CH3 CN / 1 0
Me 1 . 4 6 . 8
Et 3 . 1 7 . 4
n p r 3.6 (a)
‘P r 8 . 1 6 .3
"Bu 2 .7 ( a )
% u 1 0 9 5 8
CH2CO2CH3 6 . 4 ( a )
(a) not measured
Tab le  4-6, Disproportionation constants for [Fe2 (S R ) 2 ( N O ) 4 ]‘
These figures support the view that the monoanion, [Fe2 { S R ) 2 ( N O ) 4 ]" is
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thermodynamically stable towards disproportionation. It follows that if formed chemically, 
the monoanion may be stable enough to Isolate. However although these figures do indicate 
the complex's thermodynamic stability it does not indicate its kinetic lability. The C.V. data 
gathered does show, however, that on the C.V. timescale the material is apparently 
chemically stable. Because of this data a spectroscopic examination of the monoanion was 
undertaken.
4-4 Examination of Reduced Fe2 (SR )2 (NO )4
It has been reported [17] that clusters of type Fe2 (P R 2 ) 2 ( * ^ ^ ) 4  undergo two one 
electron reductions but the properties of these two reduced states were not investigated. A 
chemical and spectroscopic examination of the reduction of Fe2 (PPh2 )2 (N0 ) 4  by Wojcicki 
[18], showed that chemical reduction could be achieved using sodium or Super-hydride 
{M B H (Et)3 , M=Li or Na). The reduction of Fe2 (PPh2 )2 (N O ) 4  by Na was described as the 
breakage of a M-M bond. The use of a good hydride donor produced the nitrosyl bridged 
complex, Fe{NO )2 ( |iP P h 2 ){p N O )F e (N O )(P P h 2 H). We have already shown that the first
reduction of Fe2 (S R ) 2 (N O ) 4  Is reversible both eiectrochemlcally and chemically on the 
C.V. time scale, and so a spectroscopic investigation of this reduced cluster was carried out.
The reduction of Fe2 (SM e)2 (N O )4  by Na wire in THF produces a deep green coloured 
solution, reminiscent of the colour of the radical [Fe(SMe)2 (N O )2 ]‘ . Addition of air into
the solution causes the oxidation of the reduced species and the complete recovery of the 
methyl ester was obtained.
Fe2(SMe)2(NO)4 -  [Fe2(SMe)2(NO)4]’‘'
Qg
A bulk electrolysis of Fe2 (S E t)2 (N O ) 4  in THF with BU4 N P F 3  as support gave as the
number of electrons transferred In the first reduction as 1. The solution also turned the 
same green colour as found with the sodium reduction. Further evidence obtained from e.p.r. 
spectroscopy and I.R. spectroscopy (see later) has identified this green material as 
[Fe2 (S M e )2 (N O )4 ]‘ . Aerial oxidation of the electrolysed product gives back the neutral
Fe2 (SM e)2 (N O )4  as identified by I.R. spectroscopy and mass-spectroscopy.
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4-4-1 I.R. Investigation of [Fe2 (S R )2 {N O )4 ]“
Addition of an excess of superhydride to a THF solution of Fe2 (SM e)2 (NO )4  causes the 
solution to turn immediately bottle green, with the evolution of gas, presumably H2 . The I.R.
spectrum of the nitrosyl stretching region for this material along with that of the neutral 
methyl ester is given in figure 4-6. The green solution was mixed with air and placed back
in the I.R. solution cell, only the absorptions of the V  (NO)asym and T/(NO)sym of the 
neutral ester were observed. Addition of more superhydride causes the red solution to turn 
back to green with the loss of the i/(N O )asym  and V(NO)sym  absorptions of the methyl 
ester. This shows that the following occurs;
F e 2 (S M e )2 (N O )4 t i e ' ....
-1 e'
[F e 2 (S M e )2 (N O )4 ]'
A range of Roussin esters were reduced by superhydride and their I.R. spectra obtained. 
The results for their l / (N O ) absorptions are given in table 4-7 .
Table 4-7
R Neutral (a) Monoanion(a)
Me 1776, 1751 1675, 1656
Et 1774, 1749 1674, 1655
n -P ro 1774, 1749 1674, 1655
i - P r o 1773, 1748 1673, 1653
t - B u 1771, 1745 1670, 1650
CH 2 CH(CH3 )2 1774, 1749 1674, 1655
CH2CH2OH 1780, 1753 1676, 1657
Pyrim idine 1794, 1763 1701, 1647
Tab le  4-7
F e 2 (SR)2 (N O )4
(a) V(NO) asym, sym (cm"^) 
nitrosyl stretching frequencies of the neutral and reduced
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Figure 4-6
The Infra-Red Spectra of the Nitrosyl Absorption Region 
For Fe2 (SR)2 (NO)4  and [Fe2 (SR)2 {NO)4 ]‘ in THF (R=isopropyl)
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The clusters Fe2 (S R )2 (N O )4  have the metals in the formal oxidation state of - 1 , and
the nitrosyl stretching frequency is found to be around 1760cm’  ^ when R=alkyl. On 
reduction the formal oxidation state of the metal decreases to a mean value of -1.5 and the 
nitrosyl absorption frequency would be expected to drop (cf, discussion In chapter-1 ). This 
is just what is observed, the frequency dropping by around 1 0 0 c m " \ This is similar to the 
80cm"^ change in frequency observed with the reduction of Fe2 (PPh2 )2 (NO )4  • Since the
twin dinitrosyl peaks are preserved, figure 4-6, it suggests that the structural integrity of 
the molecule has been kept. From table 4-7 it can be observed that in all cases but one the 
separation of the two peaks of the reduced state is about 2 0 cm"^. The values for the 
pyrimidine ester are not in agreement with this observation; the reason for this is 
unknown. In Wojcickis work, (from I.R. evidence), a bridging NO was deduced, this has not 
been found in this work. From the analysis of the orbitals of Fe2 (SR)2 (NO )4  using Extended
Hückel calculations (chp 2) it suggests that on reduction the cluster geometry becomes more 
open, the Fe-Fe distance increasing.
A central question at this stage was whether the added electron was delocalised over the 
entire cluster giving two equivalent iron atoms or whether it was localised on one iron 
giving a mixed valence cluster; an Fe(-1) and an Fe(-2 ).
4-4-2 E.P.R. Investigation of [Fe2 (S R )2 (N O )4 ]"
After electrolysis at a potential suitable for the generation of the monoanion, (-0.8 V 
relative to the saturated calomel electrode) a solution of Fe2 (S M e )2 ( ^ ^ N O ) 4  in THF  
showed, when placed in an e.p.r. quartz capillary, the presence of a radical with g«1 .99. No 
hyperfine splitting was observed. Fe2 ( S M e ) 2 (  ^"^N0 ) 4  in THF was reduced with
Super-hydride and the solution placed in a quartz capillary. No e.p.r. signal other than a 
nine line spectrum with g=1.994, A (^^N )-1.4G  was observed, figure 4-7 .
The results for other Roussin esters are given in table 4-8 .
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R g [Fe2 (S R )2 {N O )4 ]- a O ^H )/
Me 1 . 9 9 4 1.4
Et 1 .9 9 6 1.3
n -P ro 1 .9 9 6 1 . 0
n-Bu 1 . 9 9 6 1.5
s-Bu 1 .9 9 6 1.5
GH2CO2CH3 1 . 9 9 5 ( a )
t - B u 1 . 9 9 5 ( a )
t-Bu {■'^N) 1 . 9 9 5 2.1
(a) not resolved.
Table 4-8 ; g and A(N) values for reduced Fe2 (SR)2 (NO)^ in THF
On reducing Fe2 (S -% u)2 (^  ^N O )^ with superhydride two signals are observed, one is 
due to the well known [Fe(S -% u ) 2  ( ^ ^ N 0 ) 2  ] ' the other is due to the reduced ester 
[F e 2 ( S - % u ) 2 (^'^N0 ) ^ ] \  When the labelled F e 2 ( S - % u ) 2 (N O ) ^  was used the 
spectrum of reduced complex gave a five line e.p.r. signal, while [Fe(S-% u ) 2  (^^N0 ) 2  j" 
gave the expected three line e.p.r. spectrum, figure 4-7a.
In all cases examined, an immediate colour change from red to green occurs on addition of 
the Super-hydride. This also occurred on addition of Super-hydride to a THF solution of 
N a2 [Fe2 (S 2 0 g)2 (N 0 )^], but the green colour immediately faded and the solution turned 
brown and precipitates were present. This suggests that the thiosulphato complex is 
unstable to reduction, or else the [Fe2 (S 2 0 g )2 (N 0 )^]^" produced is unstable to 
disproportionation.
For a delocalised system the unpaired electron would be expected to couple equally with 
the four nitrogen atoms. For four equivalent atoms a 9-line e.p.r signal (2 nl+1 rule) 
in the ratio of 1:8:28:56:70:56:28:8:1 would be expected. For a localised system one iron 
would be d  ^® ; the other iron would be d^ and the unpaired electron would be expected to 
couple to only two equivalent nitrogen atoms giving a five line e.p.r. spectrum. Reduction of 
the methyl ester gives a 9 line e.p.r. spectrum in the correct ratio expected from the 2nl+1 
rule. Changing the nitrogen Isotope to will sharpen the spectrum by reducing the 
number of lines observed and by increasing A(N) by about 40%. The labelled t-butyl
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ester of Roussin's Red salt, on reduction with superhydride, gave a five line e.p.r spectrum 
with g=1.995, A(^^N)=2.1G , figure 4-7a. All the e.p.r. evidence supports a delocalised 
electron in IFe2 {S R )2 {N O ) 4 ]’ .
In no case was any hyperfine coupling to the protons (where present) observed. This
contrasts with the results for [Fe(SR)2 (N O )2 ]“. but Is in accordance with the predictions
of the molecular orbital calculations. In chapter-2  it was shown that the LUMO which would 
be populated if a geometry change to a lower energy form took place has no contribution to 
electron density from the groups attached to the bridging atom. The metal-nitrogen 
interaction of this orbital was found in chapter-2 to be formally M-NO n* non-bonding, 
but slight admixtures of nitrosyl electron density gave it about 1 0% nitrosyl character, 
because of this little s-orbital interaction was expected, which explains the low A(N) 
values.
From table 4-8 it can also be observed that there is no dependence of g nor A on R . This 
is seen as further evidence that the LUMO is core centred. Unlike the E®(0/1-)values and 
the I.R. spectra which are dependent on the total structue, the e.p.r. experiment gives 
information primarily concerning the LUMO.
From the C .V. experiment, the addition of another electron is chemically and 
elecrochemically reversible. This indicates that further reduction gives two d^^ irons and a 
diamagnetic complex. Although molecular orbital calculations suggest that the Fe-Fe distance 
will increase on reducing Fe2 ( S R ) 2 ( N O ) 4 , no structural evidence is available to 
substantiate this prediction.
4 - 5
Estimation of the Reaction Stoichiometry Between [Fe2 (S R )2 (N O )4 ]^" and
PR3 (R=0 Me, 0"B u , Ph)
The cobalt dimers Co2 (E R )2 (N O )4  (E=S,Se,Te,PR) are 36 valence electron clusters,
ie, they posses two additional electrons compared to the Roussin esters which contain 34 
valence electrons. These extra electrons are assumed to occupy an orbital which is mainly 
M-M antibonding, although there is argument about this view [12]. The use of the effective 
atomic number rule on these cobalt clusters and their diamagnetism [19] imply the absence 
of any Co-Co bond. This view is consistent with the long Co-Co distance found in
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C o 2 ( f iP P h 2 )2 (C O )g  [19]. The cobalt cluster Co2 ( S R ) 2 ( N O ) 4  reacts rapidly with two 
equivalents of PPhg to give the complex Co(NO )2 ( P P h 3 )(S P h) in approximately
quantitative yield [19]. The cores of these 36 valence electron clusters are found to be 
kinetically labile [19] and to react quickly with two electron donors. The 34 valence 
electron clusters react only slowly with PPh3  and require forcing conditions to convert
F e 2 (S P h )2 (N O ) 4  into the monomer Fe(NO )2 (P P h 3 ) 2  with the reductive elimination of 
P h 2 S 2  [19]. The kinetic lability of the 36 valence electron clusters relative to the 34 
valence electron clusters is seen as a consequence of the absence of an M-M bond.
Reaction of Fe2 (PPh2 )2 (N O )4  with sodium affords the dianion [Fe2 (PPh2 )2 (N 0 )4 ]^" 
[18]. Reaction with MB(Et)3 H (M=Li,Na) gives a hydride transfer from this hydride donor
to the bridging phosphorus. This reaction leads to a change in the bridging ligands and a 
r e a r r a n g e m e n t  to  g i v e  t h e  m i x e d  b r i d g e  c l u s t e r  
[(N O )2 Fe(iLiPPh2 ) ( |iN O )F e (N O )(P P h 2 H )]‘ occurs. Deprotonation of this complex with
butyl lithium removes this added hydrogen atom as a proton to give the analogous dianion. 
This mixed bridge dianion rearranges to give the phosphide bridged cluster 
[Fe2 (P P h 2 )2 (N O )4 ]^" as found previously. This dianion reacts with electrophiles such as
H**" and R*** to give a mixed bridged anionic complex similar to that above. The monanion 
itself reacts with electrophiles but fragmentation of the cluster occurs although some of the 
original neutral Fe2 (PPh2 )2 (N O )4  is obtained suggesting its thermodynamic stability. The
rearrangement reactions of the monoanion and dianion suggest cleavage of the bridge and the 
absence of a strong M-M bond, since this would stop the bridging ligand becoming a terminal 
ligand due to the prevention of free rotation by such an M-M bond. These reactions also show 
an electron-induced change of reactivity; the neutral complex reacts with nucleophiles, the 
dianion with electrophiles.
In a recent review by Lemoine [12 ], electron-induced nudeophiUc  substitution on 
red u ce d  complexes was discussed. In this review the replacement of ligated CO by 
phosphines in reduced clusters was examined. For instance an electrochemical examination 
of the complex [YCGo(CO)g] (Y=Ph, 01) showed that in the presence of phosphines or
phosphites [20] the first reduction wave of this complex drops nearly to zero. This was 
taken as evidence for the electron-induced nucleophillc substitution of this complex to give 
YCC o{GO)qL (L=phosphine or phosphite).
177
Since nucleophiles, such as phosphines and phosphites have been shown to react with 36 
valence electron clusters [19] it was decided to use C.V. as a probe in the reactions of these 
nucleophiles with the eiectrochem lcally generated 36 valence electron cluster 
[Fe2 {S R )2 (N O )4 ]^". The method employed was simple; if phosphines or phosphites react
with this doubly reduced cluster then the return wave for the [Fe2 ( S R ) 2 ( N O ) 4 ]^
couple should be suppressed. By titrating into the electrochemical cell a known amount of 
phosphine or phosphite and examining the ratio of ia to ic for this couple, then a reaction 
stoichiometry should be realised.
The reaction of [Fe2 (S R ) 2 (N O )4 ]2 - with PR'g (R=Me, R'=OMe, Ph; R=Et, R'=OMe; 
R = ‘Pro, R'=O^Bu) was examined by C.V. The effect of added PR ’3 on the ratio ia/lc was 
recorded. For example the plot of added P(0 ^Bu)3  against ia/ic for the iso-propyl ester of
Roussin's Red salt is given in figure 4-8. An initial straight line plot is observed. The 
tailing off of the slope at ia/ic=0.4 is due to the current from the reduction of the 
monoanion to the dianion. The straight line is extrapolated to ia/ic=0. From figure 4-8, 
ia/ic=0= 38.Spit of phosphite added. From the density of this phosphite this is equivalent to 
35.6mg. Since in the experiment 20ml of a 3mM solution of Fe2 (S 'Pro)2 {N O )4  was used,
the amount of phosphite added was equal to 7.1 mM. This gives a reaction stoichiometry of 
Roussin ester to phosphite of 1: 2.4. The results of the other experiments are given in table 
4 - 9 .
Fe2 (SR)2 <N0 ) 4 Concentration
Table 4-9
PRa' Amount added moles
R mM R' (mg) equivalent
Me 3 OMe 1 1 . 7 1.6
Me 6 CMe 2 7 . 4 1.8
Et 3 OMe 1 1 . 7 1.6
'Pro 3 0"Bu 3 5 . 6 2.4
Me 3 Ph 7 3 . 8 4.7
Table 4-9 ; titration of eiectrochemlcally generated [Fe2 (S R ) 2 ( N O ) 4 ]^“ with PR '3
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A similar experiment with 3mM of Fe2(SMe)2(NO)4 with P(OIVIe)g gave a result 
corresponding to the addition of 1.6 mole equivalents of phosphite. Doubling the quantity of 
Fe2(SMe)2(NO)4 required double the quantity of phosphite to give ia/ic=0. The results of
a similar study with Fe2(SEt)2(NO)4 gave a result in agreement with those found for
Fe2 (S M e)2 {N O )4 -
Figure 4-8
0.9 -
0.8 -
0.7 -
co
0.6 -
0.5 -
0.4 -
0.3
30 40 5020 600 10
Added tributylphosphite/pit
179
1
These results suggest a linear relationship between added phosphite, the amount of ester 
and the ratio of ia/ic. The similarity of the results for these four experiments suggest that 
this could be a valid method for the estimation of reaction stoichiometries between the 
Roussin esters and phosphites. From the results the following is suggested;
2-1[Fe2(S R )2(N O )4r + 2P(OR)g > products
In a similar experiment with PPhg and Fe2 ( S M e ) 2 ( N O ) 4  a titrant of 4.7 moles 
equivalent was recorded, figure 4-8a.
Figure 4-8a
y = 1.0258-0.0139x R=1.00
0.9-
0.8 -
0.7-
0. 6 -
0.5
0 1 0 20 30 40
Added PPhg/mg
This result is significantly higher than those previously found and suggests;
1 [Fe2(SR)2(NO)4]2- + 4 or 5 PPhg > products
It has already been found that the cobalt clusters Co2 (S R )2 (N O )4  react rapidly with 2 
moles equvalent of PPhg. It is assumed that a similar reaction may be occurring with the
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addition of phosphite to a solution of Fe2 (S R )2 (N O )4 ; the reduction of the Roussin ester
inducing the reaction. It is possible that an electron-induced nucleophillc substitution is 
occurring, in this case an NO group being ejected rather than the CO discussed at length by 
Lemoine [12]. However, since the reaction of the cobalt nitrosyls or the reaction of the 
neutral Roussin esters with PPhg lead to fragmentation of the cluster with the formation of
mononuclear fragment of the type M{N0 )2 LY it is unlikely that a loss of NO occurs on 
reaction of a doubly reduced Roussin ester with phosphites or phosphines. Attack of PR3 to 
give bridge cleavage would on the basis of Weatherills [19] and Wojcickis [18] work seem 
the most probable, giving perhaps the species [Fe{NO)2 (P (O R )3 )SR]" with phosphites
and [Fe(N O )2 (P P H 3 )2 ]’  with PPh3 . However until a full synthetic investigation of these 
reactions is carried out these proposals of possible products must remain speculative.
4-6 Differences Between Pt and G.C. Electrodes
Examination of table 4-10 gives the data obtained from an examination of a solution of 3 
and 6 mM of Fe2 (S M e)2 (N O )4  in DCM at a non-oxPt working electrode. R-S plots for the 
first reduction gave straight line relationships and the current densities are as those 
obtained from an examination of similar amounts of ferrocene. An examination of ipg/ipg for
the second reduction by the normal baseline method proved difficult, and so the empirical 
Nicholson method was employed (eqn-7, App-2). Using this equation a value of
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During the course of the electrochemical work it was observed that the second reduction |
of Fe2 ( S R ) 2 {NO>4 , (R=alkyl), was not reversible, but pseudo-reversible in all solvents
1when a non-oxidised platinum working electrode was used. For Instance at a scan rate of 4
2 0 0 mvs'^ in acetonitrile the first reduction of Fe2 (S M e )2 (N O )4  was found to have, for a ^
particular experiment, a peak separation, AEp, of 60mv, whereas the second reduction had a |
separation of 260mv; in dichloromethane, Fe2 (S % u )2 (N 0 ) 4  was found to have a peak J
■ jseparation of 120mv for the first reduction but a value of 380mv was recorded for the 1
gsecond. Figure 4-9 shows the voltammogram obtained for Fe2 (S M e )2 {NO ) 4  in DCM at a 
non-oxidised Pt (non-oxPt)worklng electrode.
Figure 4-9
The Reductions of Fe2 (SMe)2 (NO)4 in CH2CI2  
at a Non-Oxidised Platinum Working Electrode
2 0 fiA
1Volt i
y
approximately 1 was obtained for all v  examined. This sets the value of cx, the transfer 
coefficient to 0.5 for the range examined. The change in AEp with scan rate for 
Fe2 (S M e)2 (N O ) 4  was the same observed for the ferrocene/ferricinium reversible couple.
The change of AEp with increasing scan rate for the first reduction is therefore solely due to 
the iR drop effect.
Table 4-10
3m M  F e 2 ( S M e ) 2 ( N O ) 4
v i a ) AEp{1-)(b) AEp{2-)(b) ipc(c) ipa(c) ia/ic (d)
0 . 0 6 4 1 0 0 2 8 0 1 1 9 1 .0 9
0 . 1 0 0 1 1 1 .5 2 9 0 1 4 9 0 . 9 3
0 . 1 9 6 1 3 0 3 8 0 1 8 9 1 .08
0 . 3 2 4 1 4 0 4 4 0 2 2 .5 9 1 .08
0 . 4 0 0 1 6 0 4 7 0 2 5 .5 7 1 . 1 0
0 .4 8 4 1 7 0 4 7 5 2 6 6 1 .23
0 . 5 7 6 1 80 5 1 0 3 0 5 1 .15
0 .6 7 6 1 9 0 5 2 0 3 1 .5 3 1 .14
GmM F e 2 ( S M e ) 2 ( N O ) 4
v i a ) AEp(1-)(b) AEp(2-){b) ipc (c) ipa (c) ia/ic (e)
0 . 0 6 4 8 0 2 6 0 2 2 1 5 0 .9 6
0 . 1 0 0 8 5 3 3 0 2 5 1 7 1 .0 3
0 . 1 9 6 9 5 3 6 0 3 3 1 4 1 .1 3
0 . 3 2 4 1 1 0 4 2 0 41 8 1 .1 5
0 . 4 0 0 1 2 0 4 5 0 4 6 2 1 .1 9
0 . 4 8 4 1 2 0 4 6 5 5 0 4 1 . 1 7
0 . 5 7 6 1 2 0 4 8 0 5 4 ( d ) 1 .1 8
0 .6 7 6 1 3 0 4 9 5 5 4 (d ) 1 .2 3
(a) Scan rate {V s"^); (b) peak separation of cathodic and anodic peaks (mV); (c) peak 
current obtained by extrapolating the baseline (jxA); (d)baseline method of obtaining the 
anodic current is invalid in this case; (e) ratio of anodic to cathodic peak currents as 
calculated by the Nicholson-Shane empirical method (eqn 7 , App-2).
Table 4-10 ; the effect of scan rate on the peak spearation of the voltammograms 
obtained for the first and second reductions of Fe2 ( S R ) 2 (N O ) 4 , at a non-oxidised Pt 
electrode in DCM at 25°C .
1 8 3
The internal resistance, R, of the solution is, to all intents and purposes, constant over 
the potential range examined; the changes in peak separation are due to changes in the 
current. These changes in current alter the potential applied to the working electrode and so 
an extra term is placed into the basic equations of C.V., because of this AEp is not simply a 
function of the current. For the second reduction we have already shown that it is as I
reversible as the first reduction and that the diffusion coefficients are equal when a glassy :j
carbon or oxidised Pt electrode are used. Thus it follows that the effect of iR drop for the j
second reduction will closely mimick that observed for the first. This was indeed found to be I
'ithe case when a glassy carbon or oxidised platinum working electrode was used. In this case, 3
where a non-ox Pt electrode was used, the peak separation of the second reduction was far I
greater than the first and so cannot be purely due to IR drop. When the non-oxPt electrode is j
used there is an effect due to iR drop but there is also an effect due to a slow electron 3
transfer. I
Since the first reduction wave was a proven reversible system AEp should not change 4iwith V .  Froni figure 4-10 it can be seen that a linear relationship exists between AEp and I
In his paper on slow electron transfer kinetics [2 1 ], Nicholson based the |
examination of these kinetics on a dimensionless parameter, ip . He also found that the effect
of IR drop was similar to that of slow electron transfer and could also be described by . |
Thus the relationship between between AEp and iR drop is a complex one. This does not |
jhowever, explain the apparent linear relationships observed. |
1/2 ' ]Examination of equation-9, (App-2) shows that is dependent on 1/1/ . From tables ;|
of and AEp [9,21] (figure 4-1 Oa shows a plot of against AEp) it is obvious that some |
sort of reciprocal relationship exists between and AEp. A plot of AEp against 1/ gives j
an approximate straight line between 60 and 210mV peak separations, figure 4-1 Ob. For |
AEp; 60<AEp<90 mV a linear relationship exists with an intercept of 60mV. For AEp; j
90<AEp^210 mV a linear relationship is found with an intercept of 77mV; for AEp; j
140<AEp<210 an intercept of 94mV for the best line is found. This tells us that for AEp; |
60^E p <1 50m V  an approximately linear relationship exists between AEp and l/xp, and as
AEp becomes larger the intercept increases above its 59mV theoretical value. Since ip is
proportional to 1/1/^^^ , 1/ip is proportional to Thus for small values of AEp a
linear relationship will exist between AEp and with a theoretical intercept of 59mV.
This linearity will be present whether a peak separation is due to slow electron transfer or
!
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due to iR drop.
An examination of Nicholson's own work [21] shows that a piot of AEp against 
gives a linear relationship with an intercept of 57 mV. The values of AEp were bet wen 94 
and 115 mV. From the data given in the Bioanalytical handbook [6 ] a plot of AEp against 
1 /?V  ' gives a linear relationship with an intercept of 59 mV. The values of AEp were betwen 
72 and 106 mV. From figure 4-1 Oa for the first reduction a linear relationship between
AEp and is obtained with an intercept of 62mV. The linearity of the plot and its
intercept are in agreement with the foregoing discussion. The gradient observed is due solely 
to the ohmic drop effect.
For the 1-/2- couple, the AEp obtained are in a range outwith Nicholson's 4
parameters and also outside the working area for a linear A E p /1/^^^ for a 59mV intercept. 
This explains the large Intercept value obtained in figure 4-1 Oa. Due to the above the rate 
transfer constant cannot be worked out using Nicholson's method, moreover the actual 
gradient observed will be a mix of the term due to the iR drop and the term due to the slow 
electron transfer, ie;
AEp -  f(4 )k  !
Since iR drop affects the potential this will in turn affect the slow electron transfer
thus f ( 4  )k  will also be a function of iR drop and a very complex expression will occur.
Removal of the iR effect from the observed change in AEp with scan rate would not be 
possible. Thus if there is an appreciable amount of iR drop present in an experiment, the 
slow electron transfer rate constant cannot be evaluated. If the iR effect is very small then 
this term will be negligible and a rate constant could be found.
if we replace the non-oxidised platinum working electrode with a glassy carbon one, 
then both reductions are observed to be equally reversible. An examination of the early work 
done using a platinum working electrode, however, reveals that the first and second 
reductions of the Roussin esters were equally reversible. The only difference between the 
work presented here and earlier work was in the preparation of the Pt electrode before 
commencement of the experiment. In the original work the platinum electrode has an oxide 
layer placed on it whereas in the latest work the electrode has a bare platinum surface.
It is proposed that a possible mechanism involves a weak coordination of the ring of the
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Roussin ester to the bare platinum surface. The fact that reversible waves are observed for 
a glassy carbon and an oxidised platinum electrode and not with the bare platinum suggests 
some sort of surface interaction. However, the shape of the wave for the second reduction 
does not suggest a surface adsorption, and the characteristics of a normal pseudo reversible 
wave are observed. The surfaces of the glassy carbon electrode have hydroxyl groups 
attached [2 2 ] and fast electron transfer occurs from this surface and from the oxidised 
platinum surface probably via such oxides. Platinum catalysts are known to be poisoned by 
sulphur or sulphur containing groups [23]. The electrochemistry of the anion [MoS^]^"
showed irreversible features when examined using a platinum working electrode, but 
reversible behaviour when a glassy carbon electrode was used [24]. What is proposed here 
to account for the slow electron transfer is a weak Interaction between the platinum and the 
sulphur of the Roussin esters. It is also known that 36 electron clusters are labile to ring 
opening, since the doubly reduced Roussin ester is such a 36 electron species it is possible 
that the platinum metal enhances this ring opening. These ideas are summarised in the 
following diagrams;
Graphite Surface
O'+e’ O'
[Fe^ SJ [FejSJ-1 1 [Fe^ S;]'
Oxidised Platinum Surface
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4-7 Oxidation of F e 2 (8 R )2 (N 0 )^
The oxidation of Fe2 (SR)2 (NO)^ cannot be examined in THF because this solvent breaks 
down at a lower positive potential than that at which the Roussin esters are oxidised. In 
CHgCN and DCM the oxidation of Fe2 (SR )2 (NO )4  is irreversible in nature. Although in both
of these solvents the oxidation is irreversible, in CH3 CN a normal diffusion wave is
observed, in DCM however a wave indicative of a surface effect is produced, figs 4 -11 and 
4-11 a. Furthermore this surface effect leads to the deactivation of the working electrode 
(whether a Pt or G.G.E.) due to the deposition of an inert film on its surface. The second scan 
of fig 4-11a shows this effect.
There are two reasons for the appearance of an irreversible wave. One is due to a very 
slow heterogeneous electron transfer from the electrode to the material in solution ie, 
electrochemical irreversibility and the second involves a chemical step which leads to the 
fragmentation of the cluster ie, chemical irreversibility. In this case the latter is 
occurring. With a chemically irreversible step the peak position will not change with scan 
rate (iR effects compensated for), whereas if it were an electrochemically irreversible step 
then a change in peak position with scan rate would occur. The former is observed with this 
work in CH3 CN.
The estimation of how many electrons are involved in the oxidation in CH3 CN can be quite 
easily estimated from R-S plots. Figure 4-12 shows R-S plots for the first reduction and 
the oxidation of Fe2 (SM e)2 (N 0 )^. Dividing the two gradients leads directly to a value of n 
for the oxidation. This value is calculated to be 3.1 ; similar results are obtained for the Et, 
i-Pro and t-Bu Roussin esters. Thus the initial oxidation of Fe2 (S R )2 (N 0 )^ involves the 
transfer of three electrons to the electrode, followed by the decomposition/fragmentation of 
the cluster. The decomposed cluster does not plate out onto the electrode in CH3 CN since
further scans do not show any changes from the voltammogram obtained in the first scan. 
From table 4-4, the position of Ep(ox) does not appear to vary much with R.
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In DCM the position of Ep, relative to correlates well with those found in CHgCN
and centres on +1.15v. The wide range observed +1.07-1.17v, may reflect the difficulty in 
obtaining an accurate estimation of the peak position, since in DCM, because of the surface 
effect, the peak is flatter than those found for CHgCN. For the reduction or oxidation of an 
adsorbed species the limiting current is proportional to the scan rate [7]. In this case plots 
of l|j^  are found to be proportional to the square root of the scan rate, ie a normal diffusion
limited current, figure 4-12a. This shows that the electroactive species diffuses to the 
electrode where it is oxidised and then becomes irreversibly attached to the electrode. Since 
this process is diffusion limited, n can be obtained in a similar manner to that obtained in 
acetonitrile solutions. A value of n=2.8 is found. The potential-step/C.V. method of working 
out n will not work in this case since on stepping the potential, as the material is oxidised 
and plates onto the electrode, the electrode area decreases.
,1'1
4
If the electrode, after oxidation in DCM, is taken out of solution and placed in a fresh 
solution of DCM containing electrolyte only, no electrochemical activity is recorded on 
scanning the potential. If the electrode is wiped with tissue and placed back in the original 
solution then a normal C.V. is obtained. If the electrode, after oxidation, is held at a low 
negative potential eg, -2v, close to or past the position of soivent breakdown for a few 
seconds and then scanned as normal, the reductions of the Roussin ester are observed again. 
This suggests that the electrode cleans itself by pushing off the adsorbed material at low
1 9 2
potentials.
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4-8 The Electrochemistry of (B u ^ N )2 [F e2S 2(N 0)^ ]
A sample of (B u^N )2[Fe2S 2(N 0)^] was produced from the reflux of Na[Fe^Sg(NO)y]
in aqueous sodium hydroxide solution. The material was identified from its I.R. spectrum. 
Since dichloromethane solutions of Roussin's Red salt produce almost quantitatively 
Roussin's Black salt [25],and since THF solutions of the Red salt are also unstable [26] the 
C.V. of this material was carried out in acetonitrile. After a period of time the initial red 
solution turned black and so it appears that the Red salt is also unstable in acetonitrile. 
However the C.V. of the material was obtained. Two reversible one electron reductions were 
observed. Relative to the E® of the ferrocence/ferricinium couple the reduction potentials
of [F e2S 2(N 0)^ ]^ "^ ^ " and [Fe2 S 2 (N O )^ ]'^" /^ ' were found to be -1.08 and -1.68V  
respectively.
With reference to the electrochemistry of F e 2 (S R )2 (N 0 )^  and the Extended Hückel 
calculations performed on an idealised geometry of [Fe2 S 2 (N O )4 ]^‘ and Fe2 (S R )2 (N O )4 ,
3 -/4 -
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the electrochemistry of the 'parent' cluster, M2  [Fe2 S 2 (N 0 )4 ] (M=Bu4 N) was expected to
show a similar electrochemistry to the neutral esters of Roussin's Red salt. The actual 
similarity found suggests that this complex has a similar structure to the alkyl esters of 
Roussin's Red salt, and of course this has been confirmed by X-ray structure to be the case 
[2 7 ] .
4-9 The Electrochemistry of the Tetranuclear Roussinate Anions, [Fe4 Eg(N 0 )y]", 
E=S, Se
The electrochemistry of M[Fe4 Sg(NO)y], (M= Na, Et4 N, BU4 N, MegS and MegSO) and 
N a [F e 4 S e g (N O )y ]  were examined by cyclic voltammetry. The C.V. of salts of 
[Fe4 Sg(NO )y]" were reported to show an irreversible oxidation [28] and the ammonium 
salt of [Fe4 Seg(N 0 )y]" was been reported to show two reversible one electron reductions
[29]. No further investigations of these reductions or oxidation have been carried out since 
to our knowledge.
4-9-1 The Electrochemistry of Roussin's Black Anion, [Fe4 Sg(NO )y]"
The production of a variety of salts of Roussin's Black anion were available from the 
examination of the reactions of Roussin's Black salts discussed in chapter three. An 
examination of THF solutions of M[Fe4 Sg(N 0 )y] (M=Et4 N, BU4 N, MegS and MegSO) was 
carried out. Figure 4-13 gives the voltammogram obtained from the reduction of 
(M e g S )[F e 4 S g (N 0 )y]. In a ll cases examined the same reductive electrochemistry was
found and the potentials obtained for a particular reductive process differed by only +/- 
5m V between the salts. This showed that the counterions played no part in the 
electrochemistry of this cluster on the C.V. timescale. Three reductions were observed and 
the reduction potentials of these processes relative to the E^ of the ferrocene/ferricinium 
couple occur at -1.31, -1.91 and -2.41V.
R-S plots for the first and second reduction waves were found to be linear, figure 4-14 
gives the R-S plots for the first reduction wave of M egS [Fe4 S g (N O )y ]. Figure 4 -14a 
compares the gradient of a theoretical R-S plot,with n=1 and D=1x10'^ cm^ s'^ for 3mM
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of electroactive material, to the gradient of the cathodic current of the first reduction of 
this cluster. This evidence and that an equal amount of ferrocene gives an identical limiting 
current, show that the reductions are indicative of three reversible one-electron reductions 
of [F e ^ S g (N O )y r , ie;
— == ===== [Fe,^Sg]^" ==== [Fe^Sg]^"
-1 .31V  -1.91V -2.41V
Figure 4-14
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An examination of tfie ratio ia/ic for a range of scan rate (0.064- 0.9 V s"^) gives for
all three reductions and for all salts examined in THF a value of approximately 1. The AEp
value of an equivalent amount of ferrocene was measured at 100mV, for the MegS salt of
Roussin’s Black anion values of 100, 100 and 120 mV were recorded for the first, second 
and third reduction waves respectively. All this data fits with the criteria for reversible 
couples.
In DCM, the electrochemistry of (Et^N) [Fe,i^Sg(NO)y] was examined. Two reversible
one-electron reductions were observed, the third reduction was partly obscured by the 
negative limit of the solvent and accurate current values could not be obtained. Relative to 
the Ag/AgCI electrode the reduction potentials were;
[Fe^Sg]" [Fe4Sgl^ ‘ [Fe^Sg]^ " [Fe^Sg]^’
-0 .675V  -1.195V -1.655V
It had been suggested that the first wave may be the one electron oxidation of the cluster 
giving the neutral Fe4 S g (N O )y. If the working electrode was switched on a slight anodic
current was obtained due to a background current. If the potential was held at -0.8 V and the 
electrode turned on, then a large cathodic current was observed. If the potential was held at 
-1 .3V and the working electrode switched on, a cathodic current twice as large was obtained. 
Thus the first wave obtained is the reduction of the monoanion to the dianion.
In addition to the three reductions, a complex oxidation was also observed; on cycling a 
waveform indicative of the reduction of an adsorbed species was evident. The oxidation of the 
Black anion was first performed on the sodium salt in aqueous solution at pH=9.2. On 
scanning to positive potentials first, an irreversible oxidation was observed and on cycling 
back an adsorption peak was present. This was determined from the shape of the peak and the 
linear dependence of the peak current on the scan rate and not on the square root of the scan 
rate as is found for species in solution. Thus the oxidation of the Black anion in water and 
DCM gives a material adsorbed onto the electrode which is capable of undergoing reduction.
The electrochemistry of (MegS) [Fe4 Sg(NO )y] in acetonitrile was also examined. The 
two reductions [Fe4 Sg]^'^^’ and [Fe4 Sg]^“^ "^ were found to be equally reversible, the 
[F e 4 Sg]^ '^^ ' reduction was found to be quasi-reversible, figure 4-16. On scanning 
positive there are two one-electron irreversible oxidations, judging from the relative
197
CO
z
0
1  §
ill3O) M- O c2u_ CD
l lE CD 
E co 
g  a
g.aI
çp
i
N.
Çp
oo
to
•a .*0
■o
to
CD
/     (%
heights of the peak current values relative to that of the couple. If the
scan is moved more positive then a complex, multielectron oxidation takes place. From the 
height of the peak current relative to the [Fe^Sg]^"^^^ couple a transfer of 6 electrons is
indicated. The figure also shows the presence of a cross-over, as the returning cathodic 
current crosses over the forward anodic current. This implies that there is more material 
being reduced than there was being oxidised. This usually occurs for metallation, 
disproportionation or when gas release is present. On returning to the potential of the first 
reduction a new cathodic peak is observed. If the electrode is scanned negative and then 
forward again the electrode becomes clean again. Chemical oxidation of salts of the Black 
anion with AgNOg and other oxidising agents first reported by Roussin [30], give rise to the 
evolution of NO(g).
The chemical reduction of Na[Fe^Sg(NO)y] was attempted using sodiumbenzophenone 
ketyl as a reductant. An examination of the material obtained by e.p.r. spectroscopy showed 
only the presence of [Fe(SH)2 (N O )2 l". The disproportionation constant for the Black anion
was calculated to be 1.6x10"®. The reason for the non-isolation of the dianion may be a 
kinetic factor.
4-9-2 The Electrochemistry of Na [Fe^Seg(NO )y]
The structure of Na[Fe^Seg(NO)y] has recently been determined [31]. The structure of 
the anion is very similar to that of [Fe^Sg(NO)y]" as had been deduced from and ^^Se
n.m.r. spectroscopy [10]. An examination of the molecular orbitals of this anion by the 
Extended Hückel approach shows strong similarity to that calculated for the sulphur 
analogue. Thus it was not surprising to find that the electrochemistry of the selenium anion 
paralleled that of the sulphur anion.
In acetonitrile solution N a[Fe^S eg(N O )y] shows the presence of three reductions,
figure 4-17. The first two both meet the requirements of reversible couples, the third is 
quasi-reversible as observed for the sulphur analogue in acetonitrile. The reduction 
potentials occur at -1.06, -1.67 and approximately -2.41V for the first, second and third 
reductions respectively, relative to the E^ of the ferrocene/ferricinium couple.
[Fe^j^Seg] ===== [F e ^ S e ^ ]^  ===== [Fe^S e^]®  == ==  [Fe^S e^ ]^ "  
-1.06V  -1.67V -2.41V
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The oxidation of the selenium anion also shows an initial one electron, irreversible 
oxidation. On scanning the potential more positive a large multielectron oxidation was 
observed, figure 4-17. From the relative height of the peak current to that of the 
[Fe/).Seg]^ couple, an electron transfer of 9 electrons for this oxidation was
calculated. The cross-over present in the sulphur analogue was also observed for the 
selenium cluster.
4-10 The Oxidation of Amines and Alcohols via Nitrosyi Complexes
The oxidation of alcohols and amines using nitroxides have been widely reported 
[32,33,34]. Semmelhack and co-workers have shown that 2,2,6,6, tetramethylpiperidine 
nitrosonium cation catalyses these oxidations [33];
+ RCH2OH + B;
OO
+ BH + RgCO
Using cuprous chloride, oxygen and the above nitroxide, Semmelhack developed a 
catalytic system to oxidise alcohols,(see below). Using such a reaction scheme benzylalcohol 
can be converted to benzaldehyde in 95% yield [35].
Cu(ll) Cu(l)
CH
Alcohol
Aldehyde/ketone
4Cu(l) + 4H + O2 4Cu(ll) + 2 H2O
2 0 1
Miyazawo and co-workers have shown that it is the nitrosonium part of the structure 
that is responsible for the observed activity [32]. Metal nitrosyls such as the nitroprusside 
ion, [Fe(CN)gNO]^" and the Roussin esters, F e 2 (S R )2 (N 0)^ , have nitrosyi ligands which
are formally =N +=0, thus complexes containing such ligands might be expected to show a 
type of chemistry towards alcohols and amines similar to the above organic nitrosyi.
In a review of the reactivity of coordinated nitrosyls, M^CIeverty suggests that the 
bending of the M-NO angle may be an essential precursor to the activity observed [36].
Bottomley [37] has shown that, in general, if 1 /(N 0 )  > 1886cm"^ then the complex is
susceptible to attack on the nitrogen by nucleophiles such as RO", OH", RS" and NHg. The
corollary of this being that a complex with a low T/NO will be susceptible to electrophllic 
attack. For Instance the reaction of PhCH2 CH2 NH2  with [Co{NO)X2 ]n in acetonitrile leads to 
the formation of a mix of compounds consisting mainly of PhCH2 C H X 2 , but also containing 
PhC H 2C H 20H  and PhCH2 CN [36]. It has been reasoned that the reaction with the complex 
leads to the production of a diazo species, ie RCH2 N2 '*', although this would not explain the 
presence of the nitrile.
In a paper by Maltz [38], the reaction of sodium nitroprusside with benzylamine in 
aqueous alkali in the presence of oxygen was described. Benzylalcohol, benzonitrile and a 
trace of benzaldehyde were obtained. Again a diazo compound was proposed as an 
intermediate. The formation of the aldehyde may be via a nitrosyi, the alcohol being further 
oxidised by a nitrosyi, in a similar manner to the scheme outlined by Semmelhack. The 
presence of the nitrile does suggest more than one mechanism operating.
Recently Poste I reported the formation of Fe(NO)2 CI(HMPA) complexes, which on 
oxidation give nitrato species, such as Fe(N0g)2CIHMPA and Fe(N0g)Cl2HM PA [39]. The
latter complex was capable of oxygen transfer to phosphines, regenerating the Fe(NO) 
moiety. These nitrato complexes have proven capable catalysts in the autoxidation of i
cyclohexene.
2 0 2
4-10-1 The Effect of Amines on the Electrochemical Behaviour of Fe2 (SR)2 (NO)^
Addition of a small quantity of benzylamine into a dichloromethane solution of 
F e 2 (S R )2 (N O ) 4  (R=Me, Et, ‘Pr, % u) which was undergoing examination by cyclic
voltammetry resulted in the production of a large anodic current, coincident with the 
oxidation peak of these Roussin esters. Addition of benzylamine to a solution of 
Et4 N [F e 4 S g (N 0 )y] also led to a large anodic current coincident with the first oxidation
peak of this cluster. The effect of added amine to the electrochemical behaviour of the 
Roussin esters was further examined.
Addition of small aliquots of benzylamine to a solution of Fe2 (SM e)2 (NO )4  and the effect
of the amine on the voltammogram observed; a complex picture was apparent. The oxidation 
of the amine by itself was found to be an irreversible affair with an ill-defined 
voltammogram; it was apparently a slow electron transfer with an oxidation around the edge 
of the positive solvent breakdown limit. The Roussin esters however show a well defined 
oxidation coupled to a surface effect as described earlier. As amine is added the oxidation 
peak shifts slightly to a more positive value. As addition continues two peaks are observed; 
one coincident with the oxidation of the Roussin esters the other slightly more positive. This 
former peak becomes the dominant feature as addition continues. The current of this peak 
was found to be linearly dependent on the amount of amine added. This behaviour has also 
been observed on the addition of n-butylamine to solutions of these Roussin esters.
Although the complexity of what occurs does mean that an exact mechanism cannot be 
given, a possible mechanism could be the following;
Fe2 (SR)2 (NO) 4  ----- -- ["Fe(NO)”]“
Amine
?
[Amine] ox  Products
The Roussin ester is first of all oxidised to a species capable of reacting with amines, 
either sacriflclally by producing a diazonum ion or catalytically by oxidising the amine by a 
method similar to Semmelhack's. The current obtained would be dependent on the 
concentration of the amine as was experimentally observed. The increase in anodic current
2 0 3
may be due to the product of the oxidised amine further oxidising at the breakdown potential 
of the cluster.
What is worthy of comment here is that the addition of amines does not affect the current 
values nor the shape of the voitammograms for the two reduced states of the cluster, ie onlv 
the oxidised ester is affected. This observation is in accord with Bottomley's observation
[37]. Since reduction reduces the T/NO observed, oxidation might be expected to increase the 
value such that it reaches the criterion for reaction with nucleophiles. This may be what is 
occurring, but the production of an oxidised form of Fe2 (SR )2 (N O )4  has not been realised. ?
Since this electrochemical work suggested a possible reaction between an oxidised ester and 
amines, the chemical reaction of a variety of amines with a variety of Roussin esters under 
oxidising conditions were carried out.
The autoxidation of the clusters Na2 [Fe2 (S 2 0 3 )2 (N O )4 ] and Fe2 (SIVIe)2 (N O )4  have 
been shown to produce the complex [Fe{N 0)2{N 02)2 ]'- This species has labile nitrosyi as
well as nitrite groups; the material shows fluxionality at room temperature [40]. The 
electrochemical oxidation of these clusters may also be producing a similar complex.
4-10-2 Reaction of Na2[Fe(C N )gN 0] with Benzylamine using O2
Reacting N a2[F e (C N )g N 0] with benzylamine in aqueous alkali under oxygen for 24
hours, in an identical manner to Maltz [38], resulted in the production of an orange oil. 
According to Maltz three products were obtained; benzaldehyde, benzonitrile and 
benzylalcohol. An examination of the orange oil obtained from this work also revealed these 
three components. However, when subjected to an examination by G .C.M.S., two further 
products were observed,( <0.05% of oil). Using the library search facilities of the G.C.M.S. 
system, which compares the observed mass-spectrum to the mass-spectra of known 
compounds, these two products were found to be benzoic acid (probably from the aerial %
oxidation of the aldehyde) and surprisingly the phenylmethylester of benzoic acid. A possible 
reaction scheme is given on the next page.
The formation of the nitrile does not fit with the proposed mechanism of a diazo 
intermediate. A possible route to the nitrile involves the loss of two electrons to produce #
RCH=NH, with the further loss of two electrons to produce the nitrile. it is possible that 
these electrons are transferred to the Fe-NO^ moiety producing NO(g).
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NP + Amine NP-Amine
Benzonitrile
ViaN^O?
X X
CItOH
X X
c i t
Acid Benzylalcohol Ester
4-10-3 Reaction of Na2 [Fe2 (S 2 0 3 )2 (N 0 )4 ] with Benzylamine using O2
In a similar reaction to the above, the oil obtained was subjected to an examination by 
G .L C . and G.C.M.S. From the G.L.C. trace two peaks were obtained and from the retention 
times corresponded to benzylamine and benzylalcohol, in the proportions 3:2 respectively. 
On examination by G.C.M.S. a further peak with a long retention time was observed. From the 
library search facility of the G.C.M.S. the asignments of the peaks to the amine and alcohol 
were confirmed. The third product corresponded to benzylidenebenzylamine, PhCH2 NCHPh.
Neither the aldehyde, nitrile nor acid were observed. From this result a diazonium  
intermediate can also be formulated. Although the formation of the imine could, 
theoretically, be accomplished by the direct attack of an amine on the carbocation, this is 
highly unlikely and a more plausable method involves the attack of the amine on the 
aldehyde. No aldehyde was actually observed, but the formation of this imine is highly 
suggestive of its transient appearance. It should also be noted that the imine was not 
observed with the reaction of nitroprusside with amine.
The reason for the presence of benzylamine in the oil obtained may be due to un reacted 
amine or due to the hydrolysis of this imine, however it would be impossible to distinguish 
between the two possibilities.
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What is clear from this work is that the aerial oxidation of the thiosulphato complex in 
the presence of benzylamine causes the conversion of the amine presumably via a diazonium 
intermediate to the corresponding alcohol.
4-10-4 Reaction of Fe2 (S R )2 (NO )4  with amines using AgNOg
Silver nitrate was used as an oxidising agent instead of oxygen as had been done with the 
above. The reason was speed of reaction and control of oxidising stoichiometry. Controls 
were set up to ensure that the silver nitrate did not, by itself, oxidise the amines. 4
N-methylaniline was found to be oxidised rapidly by silver nitrate and so was not used in 
this work. The secondary amines used with this work were oxidised only slowly by silver 
nitrate, >2 -8  hours. Since reaction times in this work were measured in seconds, this slow 
oxidation was not seen as a problem. The primary amines however were not affected by the 
silver nitrate.
On addition of AgNOg to a THF solution of Roussin ester and amine, decomposition of the 
iron sulphur cluster occurred and bubbles presumably NO - >  NOg were observed, (the air 
above the reaction vessel turned slightly brown, indicating the presence of NOg).
For R= n-butyl and amine = benzylamine, the G.L.C. showed the presence of 
benzaldehyde, benzonitrile and benzylalcohol, in the relative proportions 16 : 1.5 : 83.
Butyl thiol was also observed as was the disulphide and a variety of iron-sulphur 
fragments, which have so far eluded identification. In the work up any remaining amine 
would have remained in the aqueous layer. It has been observed that AgNOg will oxidise
benzylalcohol. This oxidation is slower than the reaction with the ester, but is significant.
The presence of the aldehyde could be due to this oxidation, however this is unclear at the 
moment and further work is being done.
Reaction of di^proylamine and pyrollidine with the isobutyl and secbutyl esters of 
Roussin's Red salt respectively in the presence of AgNOg resulted in the decomposition of the
Roussin esters and the evolution of brown fumes. An analysis by GLC of the reaction products 
for both these experiments indicated a variety of products. Analysis by GCMS was 
inconclusive, the peak with the largest retention time did, however, correspond to
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Butyl-S-Butyl in both cases. There was no evidence for the production of N-nitrosamines 
with this work.
Analysis of the products of the reaction between the thiosulphato complex and 
cyclopentylamine and the isopropyl ester of Roussin's Red salt with butylamine did not give 
any. observable product by GLC. A peak originally assigned to butyraldéhyde from the latter 
experiment was found from the GCMS library search to be THF. With these latter two 
experiments if a diazonium ion was produced then butylamine would give but-ene, and 
cyclopentylamine would yield cyclopentene and neither would of course be observed by the 
methodology used in working up the reactions.
Although these latter experiments are inconclusive, the former experiments with 
benzylamine do strongly suggest that the oxidation of Fe2 (SR)2 (N O )4  in the presence of an
amine results in the oxidation of that amine. If this is so then the production of 
N-nitrosamines from secondary amines should be possible. Further work in this area is -É 
being caried out by Miss Audrey Lees at the University of St. Andrews. f
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Chapter Five
Chapter Five 
An Electrochemical Examination of Some Mono nitrosyi 
Dialkyldithiocarbamate Complexes of Iron, and Related Compounds 
Introduction
Sulphur ligands have often been used to stabilise transition metal complexes. In 
biochemistry we observe their use, for instance, in the stabilisation of iron-sulphur 
enzymes where the use of inorganic or 'labile’ sulphur (S^“) as well as organo-sulphur 
(S-cysteinyl) is present [1]. The iron-sulphur nitrosyi cluster Fe2 ( S M e ) 2 (N O ) 4 ,
recently Implicated in the occurrence of oesophageal cancer [2], shows the use of a bridging 
organo-sulphur ligand. Holm and co-workers, in their elegant work on models of the active 
sites of iron-sulphur enzymes, brought into use a bichelating organo-sulphur ligand
o-xylene <X,(X' dithiol [1]. The use of organo-sulphur ligands in the chelate effect, which is 
known to Increase the stability of com plexes, has been widely used. The  
dialkyldithiocarbamate complexes of transition metals have been extensively studied; the 
iron complexes are the classic spin cross over compounds [3]. Apart from iron, the Mn, V, 
Zn, Co, Ni, Ou and Au complexes are known [5,6] and a wide range of metal 
diselenocarbamates have also been characterised [6].
The dialkyIdilhiocarbamates (R2 DTC) help stabilise metals in high oxidation states [6 ]. 
For instance halogens oxidise R2 DTC complexes by oxidative addition [6 ].
Au'iRgDTC) + Xg ----- > Au"'(R2 DTC)X2  [8 ]
Cu'c^BugDTOx + B r g -—> Cu'"("BU2 DTC)Br2  [91 
Ni"(Et2 DTC)2  + Brg— > Ni'^EtgDTQgBrg [10]
Oxidation of Fe(R2 DTC)g with iodine produces the Iron (IV) complex Fe(R2 DTC)glg, 
whereas oxidation by Br2  or Gig causes the oxidation of R2 DTC to the corresponding 
thiuramdisulphide , TDS [6 ]. Reaction of Fe(R2 DTC)g or Fe(R2 D T C )2 X (X=hal) with Gig 
or Brg also produces the FeX4 ~ anion. A similar complex is also found for the Sb, Cu(l) and
2 1 2
Co(lH) dialkyldithiocarbamato compounds on oxidation with these halogens [6].
I a The reaction of Fe(acac)g or similar complexes with NOg produces Fe(NOg)g [5].
Reaction of NO2  with Fe(R2 DTG)g gives an intense E.P.R. spectrum, continued use of NO2 
however leads also to Fe(NOg)g. A similar reaction is found with the Mn and Cr R ^D TC  
compounds [5]. With Fe(R2 DTC)g however the complex Fe(NO)(R2 DTC )2  ( Fe=d^) was 
also found. The following scheme was developed to account for these observations.
^ N 2 0 4
F e ( D T C ) 3  — ^ ^ F e ( D T C ) 2  ---------------------^  F e ( N 0 3 ) ( D T C ) 2  +  N O  +  D T C
Fe(DTC)3^
F e ( N O ) ( D T C ) 2  +  D T C  
2 D T C   ^ T D S
Thus continued oxidation produces the diamagnetic Fe(N 0 2 ) (N 0 ){R 2 D T C )2 . This
mononitrosyl has been much studied. The highest occupied orbital of the complex, contains a 
single electron residing mainly in the dz^ orbital of the iron {11,12]. The Fe-N -0 fragment 
is approximately linear whereas the cobalt complex which contains one more electron has a 
bent C o-N -0  fragment [13].
The effect of R on the electron density of the iron is well documented [14,15] The effect 
on the complex can be seen by an examination of the following two hybrids.
(a) (b)
Increasing the amount of (b) increases the electron density on the iron, thus leading to 
more elecron density being available to enter the tC orbitals of the NO ligand; a stronger 
M-N bond is formed but a weaker N -0  is observed.
Previous preparations of the complexes Fe(NO)(R2 D TC )2  have involved the use of
2 1 3
NO{g). However Fe(R2 DTC)g and Fe(N 0)(N 02)(R 2D TC )2 are often found contaminating the 
sam ple. Preparations from preformed iron nitrosyl groups involving the use of 
[F e ^ S g (N O )y ]"  and F e ^ S ^ (N O )^  have been described [16], and reactions of
[F6 2 (S2 0 g)2 (N0 )/^]^" with R2 DTC salts produce the mononitrosyl complexes in good yield 
and purity [see Chpt-3]
Reaction of Fe(NO )(R 2 D T C )2  with oxidising agents leads to the oxidative addition 
complex with the attached group in the cis configuration [4a,17]. Reaction with NO2  at
-6 0 °C  produces the trans isomer which converts to the cis on heating. There appears to be 
no reaction with NO(g), but if is used an exchange with M-^^NO is observed; thus a 
dinitrosyl intermediate may be present [17]. It is noteworthy that in the preparation from 
[Fe2 (S 2 0 g)2 (N 0 )^]^" , the dinitrosyl Fe(NO)2 (R 2 D TC )2  is not obtained even although a
cis-dinltrosyl was the starting material; this perhaps shows the lability of such a 
dinitrosyl.
Reduction of F e2 (S R )2 (N 0)^  shows a decrease in the 1 /(N 0 )  stretching frequencies.
This is due to an increase in the back-bonding of the metal to the n* orbitals of the 
nitrosyls. As discussed in chapter four this is in agreement with Pauling's electroneutrality 
principle. Reduction of Fe(NO ){R 2 D T C ) 2  would place an electron in the dz^ SOMO, 
assuming that no major restructuring took place, to produce a diamagnetic compound. This 
compound would be isoelectronic with Co(NO)(R2 D TC )2 i and perhaps isostructural with a
bent F e -N -0  fragment. It should also be obvious that [Co(NO)(R2 D T C )2 ]^ would be
isoelectronic and perhaps also isostructural with Fe(NO)(R2 D TC )2 .
This chapter examines the electrochemistry of some dialkyIdithiocarbamate complexes 
and also some related complexes with R2 DTC ligands.
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Experimental
Preparation of tris(diethyidlthiocarbamato)iron(iil), Fe(S2 C N E t2 )3  
To an aqueous solution of FeClg (5.0g, O.OSmoIes) was added NaS2 CNEt2 -3 H2 0  (20.5 g,
0.09 moles). The black/brown mixture was extracted with CH2 CI2 . The organic layer was %
dried over MgSO^ and on subsequent removal of the solvent, black prisms of Fe(S2 CNEt2 )3  
were obtained.
Microanalysis, calculated for C ^jgH goN gFeS g: expected C 36.0, H 6.0, N 8.4%, 
obtained, C 35.7 , H 6.0, N 8.3% . Mass-Spectrum; M+ = 500, M + -S 2 C N E t2 = 352, 
M + -2S 2 C N E t2=  204.
Preparation of Fe(CO)2 (S 2 C N E t2 )2  (modified from ref.[18])
To a stirred solution of Fe2 (S E t)2 (C O )g  ( 2.01 g, 5mmol) in methanol(SOml) was 
added, under nitrogen, NaS2 C N E t2 .3 H2 0  (4.5g, 20mmol). The solution was stirred for 2
hours after which time the nitrogen inlet was removed and the solution left to stir for a 
further 2 days. The resulting mixture was filtered and washed with methanol to remove 
unreacted carbonyl. The solid was extracted with CH2 C I2  (3x150ml). The solvent was
removed by evaporation and the resulting solid recrystallised from CH2 CI2  and MeOH. Yield
of Fe(C 0 )2 ( S 2 C NEt2 )2  « 19%.
Microanalysis, calculated for C ^ 2 H 2 0 ^ 2 ^ 4 ^ ® ^ 2  * expected C 35.3, H 4.9, N 6.9%,
obtained, C 34 .9 , H 5.3, N 6.5% . I.R .,(C H 2 C l2  solution) 1/ (C O )a s y m = 2 0 1  O cm "^,
l/(C O )s y m = 1 9 5 8 c m "^ , (consistent with a cis-dicarbonyl structure). Mass-Spectrum,
M += 408, M +-CO =380, M +-2CO = 352, M +-2C O ,S 2C N E t2=2 05 .
Preparation of Fe(NO)(S2 C N R )2  R=Me, Et, "P r
These compounds were prepared from aqueous solutions of Na2 [Fe2 (S2 0 3 )2 (N 0 )^] as
described in chapter three, page 76. The materials were analysed by I.R. and mass 
spectroscopy (only shows the M‘‘‘-NO peak as the highest) and by microanalysis.
Preparation of Co(NO)(S2 C N M e2 )2
2 1 5
The method of preparation followed that given by Feitham [19]. This involved the 
preparation of [Co(NO)(H2 N C 2 H ^ N H 2 )2 ](C I0 4 ) 2  and its subsequent conversion to the 
bis-dithiocarbamato compound.
Microanalysis of [Co(NO)(H2 NC 2 H^N2 H)2 ](C IO^)2 , calculated for C^H^QNgCoClgOg; 
expected, C 1 1 .8 , H 4.0, N 17.2%, obtained, C 11.8, H 4.0, N 17.3%. Microanalysis of 
C o(N O )(S 2 C N M e2 )2 . calculated for CgH^2 ^ ° N 3 ®4 0 ; C 21.9, H 3.7, N 12.8%, obtained, C 
21.8, H 3.5, N 12.6%. Mass-spectrum, M +=329, M+-NO = 299.
Oxidation of Co(NO)(S2 CNM e2 )2
A solution of Co(NO)(S2 C N M e2 )2  (1g, 3mmol) in CH2 CI2  was stirred for three days in
air. During this period the solution changed colour from brown to green. The solvent was 
removed and the material recrystallised from acetone and water.
The I.R. spectrum of the material shows the loss of the l/(N O ) absorption at 1644cm"
A weak absorption at 1688cm"^ was present (NB, Fe(N 0 )(S 2 C N R 2 ) 2 , l / ( N O )  = 
1689cm "^). Mass-spectrum shows the presence of Co(S2 C N M e 2 )3  and a peak due to 
[C o (S 2 C N M e 2 )2 l'*’ - Microanalysis calculated for Co(S2 C N M e 2 ) 3  , C 25.8, H 4.3, N 
10.0%, obtained C 25.9, H 4.3, N 9.4%.
Reduction of Fe(NO)(S2 CNEt2 )2
To a stirred solution of Fe(N0 )(S2 C N 6 1 2 )2  ( l OO' 3mmol, THF{30ml)) was added an 
excess of LiBH(Et)3  (Super-Hydride) under nitrogen. Gas evolution was observed and the 
solution turned brown within a few minutes. The solvent was removed under vacuum leaving
a sticky brown solid. Examination by I.R. spectroscopy revealed the loss of the V (N O )  
absorption: the absorptions of the dithiocarbamate ligands were still present.^ H n.m.r. of 
the material in CDCI3  gave broad features with two resonances centred at 1.3 and 2.6ppm in 
the ratio 3:2. The material gave no e.p.r. signal.
Electrochemistry; Electrochemical measurements on Fe(NO)(S2 C N R 2 )2  (R=Me, Et, 
"Pr), Co(NO)(S2 C N M e2 )2  , Fe(CO)2 (S 2 C N Et2 )2  and Fe(S2 C N Et2 )3  were carried out as 
outlined in chapter four.
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Results and Discussion
5-1 Electrochemistry of Fe(S2 C N E t2 )g
In Chapter two the molecular orbitals of the dimer and its associated
complexes Fe2 (S R )2 (N 0 )^ and [Fe2 (S 2 0 3 )2 (NO)^]^" were examined. The tetranuclear 
anion [F e^S 3 (N 0 )y]" was also subject to a similar examination. In chapter four the
electrochemistry of these clusters was examined. With reference to Enemark and Feitham 
[23] the bonding of metal nitrosyl complexes was considered to be a predominantly M-NO  
interaction perturbed by the other ligands attached to the metal. To examine further the 
electrochemistry of the Fe-NO moiety the dithiocarbamato complexes Fe(NO)(S2 C N R 2 )2  
R=Me, Et, "P r  were examined by cyclic-voltammetry. The associated complexes 
Co(NO )(S2 C N M e2 )2  and Fe(CO)2 (S 2 CNEt2 )2  were also examined by cyclic-voltammetry.
Firstly, the electrochemistry of the complex Fe(S2 CNEt2 )3  was determined. Although
the electrochemistry of this material has been documented [2 0 a] the electrochemical 
examination by C.V. was repeated here to obtain a direct comparison of the electrochemistry 
of this complex to that of Fe{NO)(S2 C N R 2 )2 * An excellent review of the electrochemistry 
of metal dithiocarbamato compounds is available [20 ].
The C.V. of Fe(S2 C N E t2 )3  is shown in figure 5-1. With reference to the Ag/AgCl
reference electrode, a reversible one electron reduction and a reversible one electron 
oxidation are observed with reduction potentials of -0.40 V and +0.44 V respectively. The 
oxidation of the compound was found to be chemically reversible for all scan rates examined 
( \qJ\c~ 1 ). The reduction however also shows a chemical step interfering with the return 
wave, ie an EC mechanism [21 ] ( ia/ic decreases as the scan rate decreases but approaches 
1 as the scan rate > 0.9 V s’ ^). On scanning positive after the reduction, the oxidation of the 
breakdown products can be observed. At more negative potentials a second reduction was 
observed, but this shows slow electron transfer kinetics.
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Figure 5-1
Cyclic Voltammogram of Fe(S2 CNEt2 )g 
in CFI2 CI2  at a Platinum Working Electrode
rrrmi (S 2 C N E t2 )3 ]
7
F e '" ( S 2 C N E t 2 ) 3 Ï
imuiL
[F e ‘ ''(S 2 C N E t2 )3 J
Oxidation of -Fh
ON Et
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This electrochemical behaviour fits well with what is known both chemically and 
electrochemically about this type of complex [20, 20a]; the dialkyldithiocarbamate ligand 
stabilises higher oxidation states, and that on reduction there is a rearrangement of the 
reduced species as is shown below.
[Fe’^ (S2CNR2)3]+ Fe™(S2CNR2)3 — [Fe“(S2CNR2)3]‘
Fe”(S2CNR2)2 + [S2CNR2]
l/2[S2CNR2l2
5-2 Redox Chemistry of M(NO)(S2 C N R 2 )2  M=Co, Fe , R= alkyl
In TH F, Fe(N O ){S 2 C N R 2 ) 2 . for R=Me, Et, "P r  all exhibit the same type of of
electrochemical response at a Ft (oxidised or non-oxidised) or glassy carbon working 
electrode. A reversible one electron reduction and a one electron irreversible oxidation are 
observed; both processes involve the production of oxidisable or reducible byproducts 
respectively, (figure 5-2). In CH2 C I2  similar behaviour was observed. Table 5-1 gives 
the reduction potentials for these compounds relative to the ferrocene/ferricinium couple.
Table 5-1
Compound 
Fe(N O )(S2C N M e2)2  
Fe(N O )(S2C N Et2)2  
Fe(N O )(S 2C N ^P r2)2  
Co(NO )(S2CNM e2)2
(a) reduction potential of the 0/1- couple relative to Fc^^^, (b) position of the peak 
relative to Fc^^°.
Table 5-1, electrochemical data for the M(NO)(S2 C N R 2 )2  complexes examined
E®(0/1-)(a) E(ox)(b)
- 1 .3 4 0 + 0 .2 9
- 1 .3 8 5 + 0 .3 0
- 1 .3 8 0 + 0 ,3 6
- 1 .3 3 0 + 0 .2 9
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The result shown In table 5-1 for the effect of R=Me relative to that for R=Et and "Pr Is 
similar to that observed for Fe2 (S R )2 (N O )4  ; the greater the electron donor the lower the 
reduction potential. Such a result was expected considering the differences observed by 
other workers concerned with the effect of R on the 1/  (NO) stretching frequency [14].
An Interesting observation with this work followed form the addition of ferrocene to the 
solutions undergoing electrochemical examination. At potentials greater than 0.4 V relative 
to Fc+^^ no return wave was observed for the conversion of Fc'*' to Fc, Ie Ic/la = 0 , 
suggesting that Fc+ was reacting with an oxidation product of Fe(NO)(S2 CNR 2 )2 -
Examination of la/lc for the 0/1- reduction of these complexes revealed that at low scan 
rate the ratio was low but that It Increased towards 1 as the scan rate Increased. If the 
electrochemistry of these iron complexes was examined in acetonltrile then the reduction 
was found to be chemically Irreversible. However as the scan rate was increased then the 
return wave for the reduction became apparent, (figure 5-3). It was also observed that 
current for the oxidation of the breakdown products had Increased relative to that In 
CH 2 CI2 . These results indicate a chemical step taking place.
Ox-Products — - —  Fe(NO)(S2CNR2)2 | i r  [Fe(NO)(S2CNR2)2]‘
CH,C1.
Further evidence for this chemical step was obtained from the addition of small amounts 
of acetonltrile into a CH2 CI2  solution of the complex and examining the effect on the ratio
la/lc; the more acetonltrile added the smaller the ratio becomes, and the peak for the 
breakdown product appears. The loss of the return wave was also achieved by the addition of 
prim ary  am ines  into C H 2 C I 2  solutions of the com plex. Addition of
di-"propyldithlocarbamate to a CH2 C I2  solution of Fe(NO)(S2 C N R 2 )2  containing a little
C H 3 CN caused an Increase in the anodic current of the reduction ie la/lc Increased. This
suggests an equilibrium exists between the primary breakdown product and the reduced iron 
nitrosyl complex.
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This phenomenon would appear at first glance to resemble the 'nucleophilic induced 
substitution' described by Lemoine [2 2 ] in that the reduced complex is being attacked by 
nucleophiles. Whether this actually involves an attack of the amine or CH3 CN on the reduced 
species leading to substitution is unknown.
A solution of Fe(N O )(S 2 C N R 2 ) 2 . R=Me and Et in THF was examined by e.p.r.
spectroscopy. A very prominent three line spectrum was obtained for each ( g=2.038, 
A^^N«13.2G ). The addition of Super-Hydride to these solutions resulted in gas evolution 
and the loss of the e.p.r. signal. This suggested that a diamagnetic material was produced, or 
that there had been a loss of NO, although no signal attributable to NO was observed.
Addition of an electron to Fe(NO)(S2 C N R 2 )2  which contains a linear Fe-NO group [24] 
would produce a complex isoelectronic with the diamagnetic cobalt complex Co 
(N 0 )(S 2 C N R 2 )2 - This cobalt complex has a bent M-NO bond [13]. It Is proposed that the
chemical reduction of Fe(NO)(S2 C N R 2 )2  to [Fe(NO)(S2 C N R 2 )2 ]' may have produced an 
isostructural complex to the cobalt one.
Chemical reduction of the iron nitrosyl complex was achieved using either sodium or by 
Super-Hydride, LiB(Et)3 H. In both cases there was a colour change from green to brown.
The  ^H n.m.r. of the brown material in CDCI3  showed the presence of the dithiocarbamate
ligands, showing that the material was indeed diamagnetic. However the I.R. spectrum of the 
material gave no indication of coordinated NO either bound in a linear or a bent fashion. The
I.R. spectrum however was consistent with the presence of Fe-S2 CNR2  ligands.
Because of the Isoelectronic nature of [Fe(NO)(S2 C N R 2 )2 ]“ and Co(NO)(S2 C N R 2 )2 . 
the cobalt complex with R=Me was prepared and examined by cyclic voltammetry in CH2 CI2 .
The electrochemical behaviour is summarised in table 5-1. The electrochemistry is very 
similar to that of the iron complexes although this complex has one more electron. The 0/1- 
reduction was found to be both electrochemically and chemically reversible for all scan 
rates examined.
On aerial oxidation of cobalt complex in CH2 CI2 , the solution changes colour from brown 
to green, ie the reverse colour change for the reduction of Fe(NO)(S2 C N R 2 )2 - The I.R.
2 2 2
spectrum of the isolated material did show a weak absorption at 1682cm"^ (V {N O )  
F e (N O )(S 2 C N R 2 )2  «1689cm’ ^). Microanalysis of the material suggests the formulation
C o(S 2 C N M e 2 )3 ; a C:H:N ratio of O3  2 ^ 3 ,2 ^  was found. The mass-spectrum revealed the 
presence of the tris complex as the M+ peak. The following scheme summarises these 
observations;
[Co”(NO)(S2CNR2)2]"'-*—^ C o\NO)(S2CNR2)2 -^^=5= [Co®(NO)(S2CNR2)2]'
-e
Co“ (S2CNR2)3
These results suggest that (I) the reduction of Fe(NO)(S2 CNR 2 )2  leads to the loss of NO  
and that (ii) the oxidation of Co{NO)(S2 C N R 2 )2  also leads to the loss of NO. It is suggested 
that the reduction of Fe(NO)(S2 C N R 2 )2  produces a material which is isostructural to the
isoelectronic cobalt complex. This is unstable and loses the NO ligand, a step which is 
catalysed by the presence of acetonltrile or amines.
5-3 Electrochemistry of Fe(CO)2 (S 2 C N E t2 )2
The complex F e (00 )2 (S 2C N E t2 )2  was examined by cyclic voltammetry in CH 2 CI2 .
Although this complex is six coordinate and contains the iron in the +2 oxidation state it Is 
similar to both the cobalt and iron mononitrosyl complexes discussed above. The 
voltammogram obtained for this complex is shown in figure 5-4. The potentials are relative
to the Ag/AgCI reference electrode. A reversible reduction and a reversible oxidation are
observed; both are chemically reversible. On scanning further positive or further negaitive 
an irreversible oxidation and and reduction are observed respectively. The electrochemical 
behaviour of this complex is summarised below.
[Fe“ (CO)2(S2CNEt2)2]*.2 !^ir Fe“(CO)2(S2CNEt2)2 ^^[Fe\CO)2(S2CNEt2)2]‘'-e' -e+0.48 V -0.39 V
■®’ -1.46 V -fe-fl.03 V
Products Products
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The electrochemistry of this complex is unlike that of the metal nitrosyls discussed 
above. However there are similarities with that of Fe(S2 CNEt2 )3 - This may suggest that the
electrochemistry of this latter complex and the carbonyl complex may be iron centred 
whereas the electrochemistry of the metal nitrosyls does appear to be concerned with the 
M-NO bond.
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Epilogue
This thesis has been concerned with the advancement of the chemistry associated with 
iron-sulphur-nitrosyl complexes. The underlying reason for this piece of research was the 
natural occurrence of the methyl ester of Roussin's Red salt, Fe2 (S M e )2 (N O )4  , and its
possible link with the high incidence of oesophageal cancer in a particular area of China. It is 
presently thought that natural iron-sulphur enzymes become nitrosylated by nitrite to produce 
firstly Roussin's Black anion, [Fe4S g (N 0)y ]" , which is subsequently methylated to produce
Fe2 (S M e)2 (N O )4 . The work outlined in the latter half of chapter three strongly suggests this to
be the most plausable route to the biological formation of the methyl ester. The méthylation 
probably occurring through the involvement of the S-adenosyl methionine enzyme complex. 
Vitamin B12, cobalamin is used as a catalyst for biological méthylations and it would be of 
interest to see the effect of cobalamin with the enzyme analogues used in chapter three on the 
Black anion.
Once produced, Fe2 (SM e)2 (NO )4  enters the body as a contaminant in the food eaten by the
local people. Once ingested it is thought that most of the complex becomes destroyed In the 
stomach because of the low pH. N-nitrosamines are not produced as a consequence of this low pH. 
However since Fe2 (S M e)2 (N O )4  is lipid soluble it is possible that the complex enters into the
body via the cell lining of the oesophagus. Inside a cell the complex will be subject to the 
oxidising/reducing capabilities of the cell's own biochemistry. The electrochemical study of the 
Roussin esters described in chapter four shows that these complexes are chemically 
irreversible to oxidation, and that this oxidation appears to aid the oxidation of amines. It is 
possible that once inside the cell, Fe2 (SM e)2 (NO )4  becomes oxidised by an oxygenase such as
the cytochrome P450 complex, to produce a species capable of facile nitrosyl donation, ie 
capable of interacting with amines to produce N-nitrosamines. Cells of the oesophagus are 1
constantly being replaced, ie have a high turnover rate, thus DNA damage to the cells caused by |IN-nitrosamines would have a more pronounced effect with these cells than with a cell with a low ;
turnover. However in the absence of any specific evidence as to the nature of the oxidised methyl i
ester and its effect on secondary amines this scheme is only speculative.
The synthetic chemistry associated with the dianion, [Fe2 (S 2 0 3 )2 (N O )4 ]^‘ described in
chapter three has been very fruitful. This complex has been found to be a better starting 
material for the production of the neutral Roussin esters than any other currently available. I
This complex has also been found to be a useful source of the {Fe(NO)}^^ and {Fe(N0)2}'*'
moieties and the chemistry of these fragments Is currently being exploited in association with 
thiomolybdate chemistry.
The electrochemistry of the neutral Roussin esters, Fe2 (SR )2 (N O )4  revealed the presence
of two reduced states, the monoanion of which was bottle green in colour. The change in colour 
associated with electrolysis could possibly be exploited in the production of a red-green 
electrochromic material. Attempts to produce a polymeric form of Roussin's Red salt by 
attachment to an organic polymer have so far failed to produce such a material.
The photochemical behaviour of the Roussin esters was also investigated during the course of 
this research. It was shown that in the presence of [Fe{SR)2 {NO )2 ]' ions, the illumination of a
solution of Fe2 (S R )2 (N O )4  produced the green anion [Fe2 (S R )2 (N O )4 r .  However much of
this work was difficult to reproduce and so has not been discussed in this thesis, more work in 
this fascinating area of metal nitrosyl chemistry is needed.
Appendices
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Appendix-1 
Orbital Symmetry Terms
A ,B
E
T
A
B
Superscripts
Subscripts
singlet
doubly degenerate representation 
triply degenerate representation 
symmetric with respect to rotation 
through 180® about 
antisymmetric principle axis 
f  symmetric reflection in cfh
[  antisymmetric
I  symmetric (gerade) inversion in a centre 
I  antisymmetric (ungerade) of symmetry
symmetric
antisymmetric
reflection in d v
Appendix-2
This appendix describes some of the theory behind the electrochemical experiments 
performed in chapter four.
In the C.V. experiment a triangular waveform is applied linearly to a working electrode.
The voltage is scanned between limits set by the operator. As the voltage is linearly scanned i
across the electrode as the potential applied approaches the standard reduction potential, E®, 
of a redox couple, the current increases as we gain or lose electrons from the electrode as we 
reduce or oxidise the material present respectively. The current obtained is plotted as a 
function of the voltage. As the voltage is scanned, the current obtained increases until it 
reaches a peak and then decays, a typical voltammogram for a reversible couple can be 
found reference 2. If we consider the following reduction of an oxidised species O, as the 
potential applied to a working electrode is scanned to a reduced species R, by the addition of 
an integral number of electrons per molecule, ne‘ ,ie;
O + ne‘ = R
If the electron transfer from the electrode to the substance in solution is fast, a change 
in potential will change 'instantaneously' the relative amounts of O and R, producing a 
current as the amounts adjust to the new overpotential.The relative amounts of O and R can 
be obtained from the Nernst Equation; ^
[0]/[R] = exp{(nF/RT)(E - E®)} (eqn-1)
[0]/[R] = Relative concentrations of the oxidised and reduced species, 
n= integral number of electrons transferred per molecule,
F= Faradays constant,
R=Universal Gas constant,
E-E® = overpotential,(V).
On changing the value of E-E®, the current obtained is dependent not only on the 
magnitude of the potential change but also on the concentration of redox active materials at 
the electrode as well as on the electrode kinetics. If there is not enough reducible material at 
the electrode surface then the transportation of new material to the electrode will dominate 
the size of the current. For instance when E-E® is <0.4 then, from the equation-1, the 
relative proportions of O and R at the electrode are 1; 5.8x10®. From Picks laws of diffusion 
we obtain the following;
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't = hFADq (3Cq/3x)^^q , (eqn-2)
i| = the current with respect to time (Amps)
A = area of the electrode (cm^)
Dq= Diffusion coefficient for the oxidised species,( cm s'^)
(3Cq/3x) j^ _o t change in the concentration of the oxidised species at the electrode surface
with respect to time.
n and F have the definitions as given in eqn-1.
The electron transfer to or from the electrode is described by the electron transfer rate 
constant, given by;
kf = k° exp{(-(xnF/RT)(E-E®)) (eqn-3) 
kf= electron transfer rate coefficient,(cm s' )
k®= standard heterogeneous rate constant, dependent on electrode surface and compound 
under examination, (cm s"^)
cx = transfer coefficient, it normally has the value 0.5,
T= absolute temperature,
n, F, R and E-E® have their normal meanings.
The exponential dependence of k^  on E signifies a steep rise in the current. Since the
experiment is done in an unstirred or 'quiet' solution, diffusion is the main method by which 
material arrives at the electrode. As the amount of O is depleted through electrolysis, the 
value of (9CQ/9x)y^Q  ^decreases. The current reaches a peak value and beyond this the
current is totally under the control of diffusion, and the current which is now independent of 
the applied voltage falls off with
The shape of the voltammogram is dependent on two factors; the heterogeneous rate 
constant, k® , and the diffusion mass transport. The former is expressed by the 
Butler-Volmer equation, the latter from Pick's second law of diffusion. When k® > 
10 ’ ^cms'^ then the electron transfer is fast enough to maintain the dynamic equilibrium 
ratio of the concentrations of the oxidised and reduced species as given by the Nernst 
equation, and the process is only mass-transfer controlled. This is called a reversible or 
Nernstian couple. If k®< 10"® then the charge transfer is the controlling step and a return 
wave may not even be detected. For intermediate cases where 10 ® < k®< 10'^cms"^ then
2 3 3
both processes determine the shape of the voltammogram.
The formal redox potential of a reversible couple can be found from the potentials of the 
peak positions;
= (Epg + Epg)/2 (eqn-4)
and for a reversible system the peak separation is given by
AEp = 0.059/n V (eqn-5)
This figure is rarely obtained without specialised equipment mainly because of the 
uncompensated resistance of the solution, the so called iR drop effect. However careful I 
design of the cell, the electrodes and choice of solvent help to limit the effect of the potential 
drop.
For a reversible system, the peak current observed is described by the Randles-Sevcik 
equation;
ip = (2.69x10^) a  D^/% ^ 1/2 g)
ip= peak current (A),
C = bulk concentration of the material undergoing investigation (mol cm"^),
v =  scan rate (V s"^)
n, A, D have their normal definitions.
Diagnostic tests for reversibility are obtaining a straight line plot obtained by plotting
ip against , showing that ipg/ipc = "I for all v  , and showing that the position of the
formal reduction potential does not change with scan rate. Although finding that AEp =
0.059/n V would be a good test for a reversible couple, as noted earlier this is rarely found 
without specialised equipment and other methods are used to obtain data from the peak 
separation. From a knowledge of the value of n, the diffusion coefficient can be evaluated.
Estimation of the peak currents is often difficult, especially when a base line cannot be 
accurately gauged. An empirical method developed by Nicholson and Shane [1] can be used in 
such cases to obtain the value of ip^/ip^;
p^a' '^pc “ (^pa^o *^pc 0.485(iÀ)Q/ipQ + 0.086 (eqn-7)
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If k®<1x10‘®l/^^^cm s’  ^ , however then a system is electrochemically irreversible in
nature. The values of AEp and ipg/ipc cannot be applied nor does the Randles-Sevcik equation
apply since in most cases a return wave will not be observed. For chemically irreversible
systems the equation does hold and plots of Ip /l/^^^ normally give straight line
relationships. This is because a normal electron transfer is occurring prior to some 
chemical rearrangement or reaction. For a quasi-reversible system the evaluation of 
constants from the current/ scan rate data is complex. For such a system the current is 
given by;
i = n F A 0  d ‘'/2 (nF/RT) (eqn.8)
'Ï'(E ) = a dimensionless kinetic parameter defined by Nicholson [1] see eqn-9 
Thus the current is not only dependent on but also on a term which is a function of 
the applied potential. We find that AEp > 59mv, and plots of are not linear.
AEp can be used as a measure of the reversibility of the charge transfer step. For
quasi-reversible systems, for a given k® the AEp increases as 1/ is increased. AEp can be
correlated with VP and measurement of AEp with V  can lead to an estimation of the rate 
constant.
Nicholson introduced a dimensionless parameter from which the value of k® can be 
obtained;
'I '  = k /^(DQ7c a
a= nF/RT
For Dq=D p { this is normally the case) this equation reduces to
^  = k /^(D7c a (eqn-9)
AEp is a function of From published tables of [ 1,2 ] , the value of xj/ can be 
obtained for a given AEp, hence k® can be obtained if D Is known. For a reversible couple or
2 3 5
.1
for a pseudo-reversible couple with cx =0.5 then ipg = ip^.
Since the current obtained is proportional to the scan rate of the experiment, as the scan 
rate increases so too does the iR drop. This has the effect of increasing the peak separation,
AEp. This effect is particularly pronounced in non-aqueous solvents. Since in the case of a
quasi-reversible system changes in AEp with scan rate are a good diagnostic test for a
quasi-reversible system, erroneous results can be obtained if the effect of iR drop is not 
taken into consideration. One method used to alleviate this problem is by the use of feedback; 
the electronics are tuned In such a way to compensate for the iR drop. Of course this method 
cannot be used if the electronics does not contain such a feedback circuit and another way is 
used to compensate. A compound whose electrochemistry is understood and has been shown to 
be a Nernstian system is used as an internal standard. Such internal standards include 
benzophenone and ferrocene. These systems can also be used as an internal reference system 
alleviating the use of aqueous reference electrodes such as the saturated calomel or the 
silver/silver chloride system. Examination of the effect of scan rate on AEp for the internal
standard relative to that of the system undergoing investigation can determine whether the 
observed changes in peak separation are due to iR drop or due to slow electron transfer. !
These quasi-reversible or pseudo-reversible systems as they are known are often quoted 
. simply as irreversible systems.
As an example of the effect of iR drop on a Nernstian system the ferrocene/ferricinium 
couple was examined in THF. From plots made using equation-6, the diffusion coefficients 
D Fc® = 6.24 x10‘ ® c m ^ s " \ D Fc^^ = 5.36 x10"® cm^s'^ were obtained. The plot of
ip®/1/^^^ gave the same gradient as a plot obtained theoretically (eqn-6) by calculating for 
3mM of an electroactive species with n = 1 and D = 5.4 x1 O'® cm^s'^.
The ferrocene/ferricinium couple is known to be both an electrochemically and 
chemically one electron reversible system. In THF, however, peak widths are greater than 
the theoretical value of 59mV, and the separation increases with the scan rate. The peak 
separation increases linearly with the current and with the square root of the scan rate, fig
2. Since we know that the system under examination is a reversible couple the observed 
peak separation must be a direct consequence of the iR drop.
Although n, the number of electrons transferred per molecule can be obtained from an 
examination of the peak currents obtained from C.V. data or better from a bulk electrolysis
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of the electroactive material under investigation, it is possible to obtain n directly from the 
C.V. data if combined with the data obtained from a potential step experiment [3]. If we 
perform a potential step to the material undergoing examination, that is we instantaneously 
move the potential from a region where no electrolysis is taking place to one where instant 
electrolysis takes place, then the current obtained is given by;
I = (eqn-10)pb
Ips = current obtained (A), 
t = time after the initiation of the potential step (s)
A plot of Ipg/t"^^^ will give a gradient equal to nFD^^^CAjt"^^^. If we divide this
gradient by the one obtained from plots of ip/l/^^^ given by equation-6 then we obtain an 
expression for n;
n = (0.20236 m^''/mP®)2 (eqn-11)
m^^= gradient obtained from plots of 
mP^= gradient obtained from plots of
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